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ABSTRACT 
 
CHEMICALLY MODIFIED CARBON NANOSTRUCTURES FOR ELECTROSPUN 
THIN FILM POLYMER-NANOCOMPOSITES 
Kristopher Behler 
Yury Gogotsi Advisor, PhD 
Various nano-structured carbon materials, most notably carbon nanotubes (CNTs) 
and nanodiamonds (NDs), are used in preparing polymer-nanocomposites. Surface-
modified NDs, multi-walled (MWCNT), double-walled (DWCNT) and triple-walled 
(TWCNT) have been incorporated into polymer matrix systems. Treatments include 
vacuum annealing, thermal oxidation in air and acid treatments (nitric and sulfuric acids 
for the CNTs and hydrochloric acid for NDs). Acid treatments have led to carboxylic 
group formation on the surface of CNTs and NDs, promoting improved dispersion. 
As-received, thermal and acid treated MWCNTs have been incorporated into 
polyvinylidene fluoride and polyamide-11 and -12 electrospun nanofibers with little 
improvements in the electrical conductivity. To improve the electrical properties of CNT-
polyamide composites, negatively charged CNTs were self-assembled on the nanofiber’s 
surface. At a 2 wt% loading, the electrical resistance of the nanofibers decreased two 
orders of magnitude (to 154 kΩ/sq) by increasing the number of MWCNT self-assembly 
depositions and then another three orders of magnitude by using DWCNTs (700 Ω/sq). 
Further heat treatments were used to fuse (110°C) and completely remove the nanofibers 
(450°C) to produce ~150 nm coatings with improved transparency, ~96% transmission, 
in the visible spectrum.  
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HCl-purified NDs have also been successfully incorporated in polyamide 11 and 
polyacrylonitrile nanofibers leading to improvements in the mechanical properties of the 
fibers.  Extremely high loadings of up to 90 wt% ND in the polymer have also been 
achieved. The Young’s modulus of the ND-polyamide-11 composites increased by a 
factor of four, the hardness doubled and the scratch resistance was improved such that a 
load three times larger than used on the pure polymer was required to generate a scratch 
of the identical depth in the composite material. The ND-polymer films have shown 
about a 50% decrease in transmission in the UV-range, making these thin films 
applicable in UV protection. 
Multi-layered structures were produced by using alternating thin films of ND-
polymer and CNT-polymer nanofibers. These multi-layers have shown electrical 
resistances on par with the single-layered films as well as the same improvement in 
hardness, Young’s modulus and scratch resistance making them attractable for multi-
functional composites. 
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1. INTRODUCTION 
Polymer nanocomposite materials, primarily polymer/nanotube composites have 
recently become a focal point for research due to the promise of improved mechanical 
and electrical properties. Currently, composites comprised of carbon nanotubes (CNTs) 
either show modest improvements in the properties they were chosen to enhance or a 
large loading is required which dramatically increased the cost of the materials. 
Possessing a great propensity to form agglomerates, a major issue has arisen in the field 
to reduce bundling in both single-walled (SWCNTs) and multi-walled carbon nanotubes 
(MWCNTs), to improve their dispersion in polymer melts and solutions. Other carbon 
based nanomaterials such as nanodiamond have been gaining interest due to their 
superior hardness, thermal conductivity and UV absorption.1 A combination of extreme 
mechanical properties of CNTs or nanodiamond with a polymer matrix can lead to 
lightweight composites with excellent properties. 
A plethora of studies have been performed to develop  a more dispersible CNT using 
such techniques as the use of surfactants2-4, polymer wrapping5 or functionalization of the 
nanotube’s outer walls6-8. Although improvements have been seen for CNTs in solution 
controlling the nanotubes’ distribution still remains a challenge when the CNTs enter a 
polymer system. The need to functionalize carbon nanoparticles arose from the inability 
of as-produced materials to successfully incorporate into many materials systems. The 
ability to chemically modify the surface of nanomaterials has enabled better dispersion 
and incorporation in polymer nanocomposites. Negatively charged nanotubes, produced 
by acid treatments of nanotubes, promote electrostatic self-assembly on positively charge 
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polymer surfaces. Acid treated nanodiamonds also promote dispersion in solvents that are 
needed for electrospinning. 
Polymer coatings have become very important as new materials are developed. 
Protection from the environment, such as harsh chemicals and moisture, can be provided 
by using polymers coatings. Being able to produce thin transparent films allows for the 
device or substrate to perform its intended function while still providing a level of 
protection. Conductive thin films have become an expanding area, due primarily to their 
use in photovoltaics as well as the capacitor and glass coating industries.  
A technique that has shown an ability to incorporate nanoparticles while still 
controlling the dispersion and distribution has been electrospinning nanofibers9. 
Incorporation of CNTs inside the fiber is well studied10-12 but the ability of nano- or 
micro-fibers to act as a scaffold-like material for self-assembled surface coatings has 
scarcely been reported13-15.  These surface coatings are a novel approach for minute 
additions of nanomaterials to be imparted where they are commonly needed, on the 
surface. Nanofibers, having a large surface area, are ideal materials to self-assembly 
carbon nanotubes on, using electrostatic forces or hydrogen bonding. Electrospinning 
provides a new method to apply thin films, as thin as an individual nanofiber, while still 
providing a scaffold for carbon nanotubes to form an interconnected network over across 
the surface of the nanofibers.  
In stark contrast to surface self-assembly of CNTs, high content nanodiamond filled 
nanofibers can be produced through the electrospinning method. These nanofibers will 
improve wear resistance, scratch resistance, hardness, thermal conductivity and other 
properties. Nanodiamond incorporation into polymer nanofibers has allowed for 
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improved dispersion, by using compatible solvents for dispersing. Nanofiber formation 
also confines the nanodiamonds and prevents large agglomerates, which are restricted by 
the fiber diameter, from forming as well as improving the uniform distribution of the 
nanoparticles. In bulk processes nanodiamonds tend to form large agglomerates, thus 
reducing their loading and uniform distribution in the polymer matrix. Better dispersion 
and a more uniform distribution from nanofiber incorporation has lead to significant 
loadings, which is unattainable in bulk processes, while still maintaining a smooth 
polymer coating.   
Further, multi-layered composite materials have gain interest due to their ability to 
impart multiple property improvements while maintaining many others that single 
layered nanocomposites cannot. The use of multi-functional polymer nanocomposites 
will make it possible to achieve the promises of property improvement that the nano 
craze has focused on, while reducing weight and materials needed for production, an 
important factor in a world were raw materials, most notably crude oil are expected to 
keep rising in cost. When deposited in an alternating fashion, multi-layered thin films 
consisting of a nanodiamond rich layer and a CNT coated layer will be produced, 
possessing multi-functionalities. 
In this research, electrospun polymer nanocomposite thin film coatings will be 
examined. More work will be done on maximizing the CNT dispersion to produce the 
best conductivity while using the least amount of material by evaluating different 
chemical functionalized surface groups and their ability to promote self-assembly on 
various polymer nanofibers. Coatings could eventually be used for various applications 
such as supercapacitors, solar cells and liquid crystal displays among others. These 
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coatings will be tested for different properties such as their electrical conductivity and 
resistance, as well as optical transparency. Incorporation of thin coatings, which can 
conduct electricity, into clothing or normal equipment used by the military would be 
advantageous if it could be made to detect dangerous chemicals or protect form 
biological warfare. Further, various methods to modify the as-spun fiber composites will 
be studied to determine the best use of each technique (softening, annealing, solvent 
evaporation and infiltration) under different circumstances. Nanodiamond coatings, 
produced from electrospun nanofibers, will also be examined for their improvements in 
scratch resistance, Young’s modulus, hardness and UV protection. Unlike CNTs, they are 
insulators and can be used in electronic packing. Combinations of these two films in a 
multi layered structure will be investigated to determine the feasibility of which they can 
be produced. 
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2. LITERATURE REVIEW 
2.1. Introduction 
Carbon nanotube-containing composites materials have garnered much interest over the 
past few years especially in the polymer composites field because of their outstanding 
mechanical and electrical properties.16 Much work has been done on producing nanotube-
containing materials but bundling of the individual nanotubes has been a major obstacle.5, 
17-27 Due to their strong tendency to form bundles and aggregates, both single-walled 
(SWCNTs) and multi-walled carbon nanotubes (MWCNTs), have difficulties dispersing 
in solvents and polymer solutions. As a result, composite materials loaded with carbon 
nanotubes often show little or no improvement in their mechanical properties with a 
modest increase in electrical conductivity, unless either very expensive SWCNTs or large 
amounts of MWCNTs are used.21, 25, 27, 28 Various techniques have been employed 
attempting to improve the carbon nanotube dispersion, such as the use of surfactants2-4, 
polymer wrapping5 or functionalization of the nanotube’s outer walls6-8. However, 
controlling the nanotubes’ distribution still remains a challenge.  
Electrospinning9, a technique that uses electric fields to produce and deposit nano-scale 
fibers is a growing area of interest.  Electrospinning provides a technique that allows for 
incorporation of nanoparticles while still controlling the dispersion and distribution inside 
the fiber, as well a scaffold-like material for self-assembly on the surface. Nanotubes 
have been successfully incorporated into polymer nanofibers,10-12 but only a limited 
number of studies on nanotube coatings on nano- or microfibers have been reported13-15. 
Coating polymer micro- or nanofibers presents us with a novel approach to impart the 
high electrical conductivity of carbon nanotubes (CNTs) into a polymer system, yet still 
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use low loadings with relative ease of production using a self-assembly technique. High 
loading of nanodiamond containing fibers can also be produced that will improve wear 
resistance, scratch resistance, hardness and other properties but those films will have 
dielectric properties. Further thin films can be created and multi-layered structures of thin 
films can also be produced in which alternating layers of conductive nanotubes and 
thermally conductive nanodiamond-polymer composites can be produced. 
2.2. Carbon Nano Structures 
2.2.1. Carbon Nanotubes 
Carbon nanotubes (CNTs) represent one allotrope of carbon in the nano-scale regime. 
CNTs are an sp2 form of carbon that can most easily be represented as a rolled up sheet of 
graphene, for single-walled carbon nanotubes (SWCNT) this include three distinct tube 
types. As seen in Figure 2.1(a) – Figure 2.1(c),  a rendering of an armchair, zig-zag and 
chiral (respectively) nanotubes are seen, and the rolled nature of the SWCNTs  is seen in 
the scanning tunneling image, Figure 2.1(d).29, 30 Concentric cylinders represent multi-
walled carbon nanotubes (MWCNT), as seen in Figure 2.2, with special designations for 
those with two or three walls, double-walled and triple-walled carbon nanotubes 
(DWCNT and TWCNT), as seen in Figure 2.3, respectively.31, 32 Early research on CNTs 
has lead to vast promises of improved mechanical and electrical properties33-39 that have 
not been realized in composites due to poor property transfer from either poor dispersion 
or surface interface interactions, and an inability to load matrix materials with enough 
CNTs30, 40.  
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Figure 2.1. Rendering of three distinct SWCNT showing armchair (a), zig-zag (b) and 
chiral SWCNTs and an tunneling electron microscopy  image (d)of a SWCNT.30  
 
 
Figure 2.2. TEM of a MWCNT showing nine concentric tubes.30  
 
a) b) c) d)
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Figure 2.3. TEM of (a) DWCNTs and (b) a individual TWCNT which shows the wall 
structure and number of concentric tubes.31, 32 
 
 
 
Although a majority of research has been performed on SWCNT and MWCNT, other 
small diameter tubes such as DWCNTs and TWCNTs have started to be evaluated.41-49 
These nanotubes represent an interesting enigma in that they can be produced in manners 
much more similar to MWCNTs, cheaper than SWCNT, but still harness many of the 
promising properties of SWCNT. Further studies are needed to determine if these tubes 
can be made to increase conductivity on levels equal to SWCNTs. Experiments on the 
chemical functionalization of both of these tubes and MWCNTs will need to be done to 
see if there is a better procedure promoting improved property transfer or if the tubes can 
be made to self-assemble while more efficiently transferring their electrical conductivity 
properties, thus producing composites wielding the conductivity of pure CNTs. 
 
a) b)
 9 
 
2.2.2. Nanodiamond 
Another carbon allotrope of increasing significance is nanodiamond (ND), otherwise 
known as ultra dispersed diamond (UDD), a nano-scale sp3 (diamond) structure, as seen 
in the TEM in Figure 2.4. ND is produced by a detonation synthesis which uses oxygen-
lean explosives detonated in a reactor to produce diamond containing soot that is further 
purified to produce nanodiamond powder.50-54 NDs typical have primary particle sizes of 
~5 nm and agglomerates of ~200 nm. These particles have been studied very little in 
literature but represent a novel nanostructure which harnesses the properties of bulk 
diamond, as well as improved properties due to nano-scale phenomenon, and are just now 
becoming a more widely studied material.55-60 As production costs decrease, detonation 
ND provides a much more efficient material for mechanical and thermal property 
enhancement in polymer composites than traditional diamond (micro-crystalline, high-
pressure – high-temperature or naturally occurring gems).  
 
 
Figure 2.4. TEM (a) of nanodiamond particles showing the 0.206 nm lattice spacing 
inherent in diamond as well as the amorphous carbon present in the sample.  
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Superior hardness and thermal conductivity of the diamond core is combined in 
nanodiamond powders with large accessible surface area covered by readily tailorable 
surface functional groups.50, 61, 62 The large band gap of the diamond core (~5 eV) renders 
it highly absorptive towards UV light, but transparent in the visible and IR range.50 ND is 
produced by a detonation synthesis in large volumes and is a relatively inexpensive 
carbon nanomaterial for a broad range of potential applications, including composites.63, 
64 As a powder, ND could be introduced into fibers, coating or other shapes to harness its 
useful properties. One major challenges for ND composites is the ability to deliver 
nanodiamond in the form of well-dispersed primary 5 nm particles65 into a polymer 
matrix. Traditional polymer processing techniques such as casting and extrusion have 
yielded poor dispersion due to agglomeration/reagglomeration of the nanodiamonds 
within the polymer matrix leading to a compromise of the properties.66 Also, the addition 
of more than several percent of nanodiamond to the whole volume of a polymer 
component would substantially increase the cost and weight. Therefore, diamond should 
preferably be used as a surface coating. 
2.3. Surface Modification 
Many attempts have been made to improve the interface between CNTs and the 
polymer matrix. The vast majority of surface modifications to CNTs have come from 
various forms of surface functionalization. Surface functionalization can be designated by 
two categories, covalent and non-covalent.  
The non-covalent method of surface functionalization primarily involves wrapping the 
CNT with polymer, protein or surfactant to encase the CNT preventing it from bundling. 
This method does provide improved dispersion, but it lacks a method to create a good 
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interface between the CNT and a polymer matrix, leading to poorer property transfer.67 
Non-covalent modification does lead to some other disadvantages. While wrapping 
particles with polymer, it also decreases the aspect ratio by increasing the diameter of the 
CNTs, which detracts from some of the  novel properties of the nanomaterials.68 Proteins 
and DNA have also been used to wrap CNTs and subsequently used for chemical 
sensors.69  
Covalent functionalization, on the other hand allows for the CNTs sidewalls to be 
chemically functionalized improving the interaction between the CNT and polymer 
matrix, thus increasing load transfer but disrupting the π-bonding, which can result in the 
degradation of the electrical properties of the CNTs.70 Covalent functionalization occurs 
by chemically attaching functional groups to inherent defect sites or by creating defect 
sites for chemical functionalization, as seen in Figure 2.5.  Surface functional groups 
created, such as esters,71 carboxylic,72 carbonyl, nitrenes,73 fluorination74 and a plethora 
of other groups allow the CNTs to interact through surface charges, which subsequently 
can lead to self-assembly of CNTs onto oppositely charged surfaces. Although, electrical 
properties may be degraded, some nanoparticles, such as CNTs may still provide 
improvements well beyond traditional fillers. The polymer–nanoparticle interface 
interactions can also improve, thus increasing the mechanical load transfer.  
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Functional sites also provide a good place to induce in situ polymerization. In situ 
polymerization is a process in which a monomer is dispersed along with CNTs and 
polymerized to form a polymer such as polyaniline.75 In situ polymerization allows for 
the nanoparticles to be contained within the polymer chain, separating them from other 
particles just the same as other polymer chains would be. Nanoparticles that are 
incorporated directly into the polymer would then impart their properties directly into the 
polymer chain, but this may not take advantage of the same increase in mechanical or 
electrical enhancements of the nanoparticles interacting amongst themselves. 
Surface modification has also been performed on nanodiamonds. Similar to CNTs, 
oxidation in air has been performed by Shenderova et al. to produce cleaner surfaces and 
to create more defect sites for chemical attachment.60 Osswald et al. showed that the 
surface of nanodiamonds can be purified using air oxidation to control the sp2/sp3 ratio 
hence promoting functional sites for future chemical attachment as well as some control 
over the diamond particle.56, 61  Mochalin et al. used various techniques including air 
oxidation and high temperature annealing under hydrogen, chlorine and ammonia to 
Figure 2.5. Rendering of a SWCNT (grey atoms represent carbon atoms) with 
functional groups (such as carboxylic or OH groups represented by the red atoms) 
on the surface.  
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selectively remove non sp3 carbon and to either remove or increase the amount of C-H, 
O-H and C=O bonds on the nanodiamonds, as well as forming acylchloride and C≡N.62 
These functionalities are needed for future biomedical, composites and optical 
applications where they will aid in the dispersion of the NDs in various solvents or 
solutions with various pH’s, consequently leading to better property transfer. 
2.4. Electrospinning 
Electrospinning is a technique which produces micro- and nano-scale fibers using an 
electric field. Nanofibers have applications in textiles, sound absorber materials 
environmental (filtration), biomedical, energy storage, and electronic fields.76-78 
Biomedical applications are the most sought after, especially for wound dressing, tissue 
scaffolds and drug delivery.28, 79-83 Electrospinning, or more correctly its precursor 
electrostatic spraying, was discovered by Rayleigh,84 advanced by Zeleny in 1914,85 
patented by Formhals in 1934,86 more closely understood by Taylor’s work on the 
polymer interaction at the aperture in the 1960’s87, 88, further developed by Baumgarten in 
1971,89 and then rediscovered and popularized in the 1990’s by Reneker et al90. By this 
time the technology had become electrospinning because of the fibrous materials that 
were being spun.  
Polymers are either melted or dissolved in solvents and placed into a syringe or device 
containing at least one aperture.9, 91-96 The polymer is then subjected to an electric field in 
which the collection plate is oppositely charged from the polymer as seen in Figure 3.86 
The field in between the polymer reservoir and the collection plate acts on the spun 
polymer fibers as they split and evaporate, in the case of solution electrospinning, to 
produce smaller and smaller fibers. Melt electrospinning can produce fibers (microfibers) 
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on the order of down to a micron in diameter in most cases, but can be spun larger by 
adjusting the electric field and feed rate.97 Fibers on the order of a few nanometers 
(nanofibers) have been reported form solution spinning, and can be spun to greater then a 
micron (microfibers) in diameter by altering the polymer concentration in the solution 
and the electric field.98, 99 The use of electrospinning has lead to many different polymers 
being electrospun, such as polyethylene oxide (PEO)100, 101, polystyrene (PS)102, 
polymethyl methacrylate (PMMA)103-105, polyacrylonitrile (PAN)10, 12, 106, 107, nylon108-111, 
polyvinylidene fluoride (PVdF)112-116, and polyvinyl alcohol (PVA)117, 118. A few 
reviews79, 119, 120 on the subject written due to the increasing amount of research in the 
field.   
 
 
Figure 2.6. Diagram of a typical electrospinning setup in which a pump is used to push 
solution out of the syringe at a constant volume and speed. A Taylor cone is formed at 
the tip (aperture) of the syringe when a minimal electric field is produced by controlling 
the distance between the syringe and the collection plate as well as the applied voltage, 
which is controlled by the high voltage power supply. The working distance in the 
diagram is 15 cm and typical voltages are 10-25 keV. After leaving the Taylor cone an 
area of instability is seen in which the polymer fibers split, splay and branch to produce 
many smaller fibers on the collection plate.  
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Electrospinning provides many benefits stemming from the small and tunable fiber 
diameter. Polymer composites produced via the electrospinning method allow for a 
polymer nanofiber to act as a host for nanoparticles such as DNA, CNTs, Fe3O4, gold 
nanoparticles, hydroxyapatite and others.10, 26, 28, 81, 121-130 Polymer nanofibers can be used 
as a coating or appliqués,15 thus delivering nanodispersed particles while effectively 
preventing their agglomeration. The confinement of the fiber diameter, polymer surface 
tension and strong electrostatic force pulling the fiber in the electrospinning process may 
help in deagglomeration of nanoparticles, similarly it has led to a debundling of single-
walled carbon nanotubes and their alignment along the fiber axis.10 In addition, as soon as 
the fiber solidifies upon evaporation of the solvent during electrospinning, 
reagglomeration of nanoparticles is effectively suppressed. The resulting nanocomposite 
incorporates uniformly dispersed, size-confined nanoparticles. 
Research efforts in electrospinning have been expanding in the areas of ceramic 
nanofibers in which ceramic nanopowders are dispersed in a polymer, or a ceramic 
forming precursor is spun and then treated to produce a ceramic nanofiber. Ceramic 
nanofibers that have been studied include: zinc oxide, zinc sulfide, aluminum doped zinc 
oxide, magnesium oxide, magnesium titanate, tungsten oxide, molybdenum oxide, 
barium titanate, nickel oxide, nickel titanate, silicon carbide, yittria stabilized zirconia, 
titania (TiO2) and others.131-142  
Electrospinning has also been shown to produce co-electrospun, which are fibers that 
have a solid core of one material and an outer layer (cladding or shell) of another 
material.104 Co-electrospinning allows the shell, outer material, to give a fibrous shape to 
a material that is not normally able to be electrospun.143 The use of co-electrospinning 
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has lead to the production of hollow ceramic nanofibers, mostly TiO2,126, 144 that retain the 
cylindrical shape of the fiber once the inner polymer layer has been removed by heat or 
chemical treatment. Further work on electrospinning has shown that the fibers can be 
aligned parallel to each other or in other designs by changing the collection method.108, 
145-147 A fast rotating drum and parallel electrodes allow for more alignment of the fibers 
while the fast rotating drum also allows for a faster uptake of polymer fibers making this 
method easily scaled-up.148, 149   
So far, various nanomaterials have been incorporated into electrospun fibers. Among 
them are ceramic nanoparticles,126, 127, 129  nanowires,124 quantum dots,128, 130 nanotubes10, 
26 and others. Yet, there are no reports on electrospun ND-polymer fibers. At the same 
time ND powders, being biocompatible50, 150 and having a tailorable and easily accessible 
surface, certainly have a great potential to be used as a filler of a polymer matrix in many 
applications.  
2.5. Polymer Coatings and Films 
There are a variety of techniques used to produce polymer coatings such as layer-by-
layer self-assembly,151 spin coating,152 and electrospraying153. Coatings have been used as 
protective barriers from the elements by imparting specific properties onto another 
material.154, 155 Polymer coatings have been used to prevent corrosion,156 scratching157 
and protect devices, such as fiber optic cables, from moisture by “hermetically” sealing 
them158. Polymers, such as Teflon, are used to apply a nonstick coating.159 Although most 
polymers are electrically insulating, and have poor thermal conductivity, polymer-
nanocomposites allow for increased thermal and electrical properties and have found 
common use in such areas as organic photovoltaics.160, 161 
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2.5.1. Layer-by-layer 
Self-assembly is the process in which molecules autonomously organize to form well 
defined aggregates, usually involving covalent bonding or weak covalent bonds (van der 
Waals, electrostatic, hydrophobic interactions, hydrogen, or coordination bonds).151 One 
method conducive for polymer film and coating technology is the Layer-by-layer (LbL) 
self-assembly technique in which a material incrementally increases in thickness one 
layer at a time, alternating surface charge as each layer is constructed.162  Further research 
has been done on various positively and negatively charged surfaces to electrostatically 
bond layers together.163, 164  By controlling the number of layers, the thickness can be 
precisely controlled within the limitations of the individual layers involved. LbL 
deposition allows for molecular control of the layers and can be engineered for many 
materials such as photovoltaics, microelectronics, smart membranes, smart coatings, and 
patterning microstructrues.165-168  
2.5.2. Spin Coating 
Spin coating is a mature technique which has been used heavily in the microelectronic 
industry to produce micron range thick films but can also be used to produce thin, >200 
nm, and ultrathin films, <200 nm, on substrates such as large semiconductor wafers.152, 
169 Spin coating allows for thin, smooth and uniform coatings to be applied onto planar 
substrates by using a dilute polymer solution.170 The polymer is placed in a volatile 
solvent and then used to coat the substrate, which is spun on a rotating disk at high 
velocities.171 Centrifugal forces move the liquid in a radial direction where excessive 
solvent is ejected while the rest is left to evaporate. This technique has been shown to 
produce coatings as thin as 2 nm for polystyrene (PS) in which the PS is in an extended 
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chain configuration due to the thickness being significantly smaller than the radius of 
gyration.172 Spin coating works best for flat planar samples.  
2.5.3. Solvent Casting 
Solvent, or solution, casting is a technique in which a polymer is dissolved in a solvent 
and poured into a mold, or onto a substrate, and can vary in thicknesses. The polymer is 
then left to dry by applying heat to the polymer to promote evaporation. The rate of 
evaporation is the controlling factor in the uniformity and quality of the coating.173 The 
evaporation rate controls the shrinkage, which in turn controls the stress on the coating 
and determines if the coating is adequate or not. Stress can cause many problems for 
these coatings such as delaminating, curling and cracking.174-176  Cast films have many 
uses including coating fiber optic cables and for corrosion protection to name a few.177 
2.5.4. Electrospraying 
Electrospraying is a technique which employs the electrostatic deposition of polymers 
from a liquid or solution and has been used heavily in agricultural and paint industries. 
Electrospraying has also been considered a candidate to produce coated drug particles.153 
A liquid stream is formed at the applicator opening and then undergoes a strong electric 
field causing the polymer to break into droplets for deposition. Electrospraying induces 
the atomization of the liquid and uses the electric field to overcome the surface tension at 
the aperture to produce a mist of particles, an aero spray.85 Electrostatic spraying has the 
capability to produce coatings which are more uniformly deposited than those in solvent 
casting.178 Electrospraying is controlled by the flow rate, and the voltage. This technique 
can coat small devices, such as electrodes178, to large objects such as car doors. 
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2.6. Carbon Nanotube Films 
Carbon nanotube films have garnered much interest over the past few years as thin, 
conductive, low weight coatings are becoming more important. Films are made using a 
variety of techniques including solution/drop casting,179-181 melt processing,179, 182 spray 
coating,183, 184 film transfer usually form vacuum filtration,185, 186 layer-by-layer 
deposition,187, 188 solution casting189, 190 and electrophoretic deposition191, 192. Many of 
these techniques employ typical polymer coating methods but mix the carbon nanotubes 
directly into the melt or solution and further treat the nanocomposites as traditional 
composite materials.  
2.6.1. Carbon Nanotube Films 
Use of film transfer is one of the most widely used solution methods in literature to 
produce pure carbon nanotube films. The use of filtration to produce the films offers an 
advantage in which the density of the CNT film and the accumulation can be controlled 
by the vacuum filtration rate.186 Other advantages are that the film used to collect the 
CNTS can be reused, aiding in sample uniformity. Techniques such as vacuum filtration, 
Figure 2.7, allow for the production of pure CNT films that can remain on the membranes 
or transferred to other substrates using the polymer stamp method, as seen in Figure 2.8. 
Removal of the CNTs from the filter usually requires a stamp. Typically these stamps are 
polydimethylsiloxane (PDMS). 
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Figure 2.7. Diagram of the vacuum filtration technique in which CNTs are dispersed in a 
solution and placed on a membrane which traps the CNTs on the mesh but removes the 
solvent when a vacuum is applied.  
 
 
 
Figure 2.8. Illustration showing the film transfer process in which the film of SWCNT is 
removed, peeled, from the filter using a PDMS stamp and successively transferred 
(printed) on a rigid or flexible substrate.  
 
Harnessing the film transfer method using a PDMS stamp to remove the vacuum 
filtrated mat of both HiPco and arc-discharged SWCNT, Zhang et al. produced thin film 
on poly(3,4-ethylenedioxy-thiophene) (PEDOT) and obtained a sheet resistance (Rs) of 
up to 160Ω/sq. and a transparency of 87% which they used to produce OLED (organic 
Membrane
Vacuum
Solvent
Beaker
Nanotubes
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light-emitting diodes.185 They also showed that the method of SWCNT production plays 
an important factor in determining the best films; the arc-discharged SWCNT lead to a 
sheet resistance an order of magnitude lower than the HiPco tubes. Zhou et al. also used 
the PDMS stamp method to produce thin films using SWCNT (arc-discharge method) to 
produce films on a glass slide (Rs = 200 Ω/sq. and conductivity of 2000 S/cm) and 
polyethylene terephthalate (PET) substrates (conductivity is 1600-2000 S/cm) and 
exceeds their measurements on indium tin oxide (ITO) coated PET (conductivity of 1500 
S/cm).186 Transference of the SWCNT films that can be a few nanometers (25nm)186 and 
can be very flexible , as seen in Figure 2.9.  
 
 
Figure 2.9. Images of a SWCNT film produced by vacuum filtration and transferred using 
a PDMS stamp onto PET (a) which exhibits good flexibility (b).185  
  
2.6.2. Spraying 
Li et al. studied various CNTs ranging from SWCNT to DWCNT and MWCNT 
produced from various methods (CO depositions on a catalyst and laser ablation, thermal 
pyrolysis, and CVD and radio frequency assisted CVD, respectively) to produce films 
a) b)
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using both a vacuum filtration and airbrushing technique (spraying).193 According to their 
results, the airbrushing technique producing films with lower sheet resistance (170 Ω/sq. 
vs. 360 Ω/sq. at 80% transmission) than the vacuum filtration technique. They also noted 
that the type of CNT affects the transparency in that the transmission increased by the 
sequence of MWCNT (CVD produced) < SWCNT (CO deposited) < MWCNT (radio 
frequency assisted CVD) < DWCNT < SWCNT (SOCl3 treated) < SWCNT (laser 
ablated) which is similar to the trend they observed for the sheet resistances, as seen in 
Figure 2.10, showing that tube type and production route does affect certain properties. 
Hu et al. also used the spraying technique to produce films with a conductivity of 1200 
s/cm with an 80% transparency. These films were tested as electrowetting devices when 
used on a dielectric material. 
 
 
Figure 2.10. Graph of the surface resistivity vs. Transparency as observed by Li et al. 
showing an increasing trend in transparency and a decreasing trend in sheet resistance 
by the following sequence: EF-MWCNT (CVD) < C-SWCNT (CO deposited) < 
RF_MWCNT (radio frequency assisted CVD) < DWCNT < SOCl2 –C-SWCNT  (thionyl 
chloride treated) < L-SWCNT (laser ablated).  
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2.6.3. Solution Casting and Dip Coating 
Solution casting is a technique in which a solution of nanotubes and a polymer are 
dispersed in a solution and then placed in a mold and the solvent evaporates. Dip coating 
requires a substrate be dipped into the solution followed by solvent evaporation. Bliznyuk 
et al. used the dip coating method to produce polyurethane- and polystyrene-nanotube 
composite films using a 1 wt.% loading of CNTs. And obtained a conductivity of 1.7 x 
10-6S/cm for the film whereas the conductivity of the pure CNTs was measured to be 5 
S/cm.194 Moon et al. produced solution casted films in which PEDOT was mixed with 
various concentrations of thin MWCNT (0.01 – 0.03 wt. %).181 
2.7. Summary 
Carbon nanotubes have garnered great research interest in due to their extremely high 
strength, electrical conductivity and flexibility. It has been shown that much work has 
been done on various carbon nanotubes (MWCNT, DWCNT and SWCNT) especially as 
it relates to the dispersion and prevention of agglomeration. One of the great material 
science questions for the 21st century is can carbon nanotubes be effectively controlled in 
terms of agglomeration and uniform dispersion throughout composite materials to 
effectively transfer these valuable properties. While nanoparticles, and in particular 
nanotubes, offer the promise of great property enhancements when used as composite 
filler material, realization of these improvements demands homogeneity and excellent 
dispersion. The use of surfactants, covalent and non-covalent functionalizations and in 
situ polymerization techniques have been used to not only improve the CNT dispersion, 
but also help improve the nanotube-matrix interactions to aid in property enhancement.   
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Carbon nanotubes, being one of the most studied carbon nanostructures, have over 
shadowed other nano-carbon materials such as nanodiamonds. Nanodiamonds being an 
sp3 bonded allotrope possess many of the same properties of bulk diamonds but is much 
more feasible for composite manufacturing. The use of nanodiamonds possessing high 
strength, modulus hardness, electrically insulating, thermal conductivity, biological 
compatibility, as well as the possibility to link individual drug molecules onto the surface 
due to the small size, make nanodiamonds another very attractive material for 
composites. Nanodiamond composites are envisioned to be used for scratch resistant 
coatings, drug delivery mechanisms and thermal barriers. 
Many traditional processing techniques, such as extrusion and blending, have been used 
to attempt to produce nanocomposite materials with limited success. The use of solvents 
to put the nanoparticles into solution has fared as a much better route to good dispersion 
than most traditional manufacturing routes. The use of solutions to produce solution cast, 
dip coated or sprayed composite material, is finding success especially in the terms of 
film production where a thin layer of material is desired. These techniques allow the 
nanoparticles to be dispersed in a solution, which improves dispersion over that of melt 
techniques, but also versatile enough  accommodate many production techniques. The 
use of newer processing techniques, such as electrospinning, promote not only good 
dispersion by using a solution approach but also some confinement due to their small 
dimensions (producing fibers on the nanometer scale).  
One of the largest areas of interest lies in the fabrication of thin films for coating 
materials. Thin film coatings are used for many reasons, most notably to improve scratch 
resistance, protect from UV radiation, and to improve the electrical conductivity of 
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various materials. Thin films coatings are becoming more desirable as new and improved 
properties are being given to current products because they offer the benefits of using 
existing products and materials while using relatively small amounts of new materials to 
impart enhanced properties and multi-functionalities. The use of nanomaterials usually 
comes at a significant monetary cost, especially in bulk processing, but when used as thin 
films that cost is kept to a minimum.  
One of the most interesting applications for thin film coatings is that of thin transparent 
conductive films. Much work is devoted to improving electrically conductive coatings in 
areas such as liquid crystal displays, solar cells, organic light emitting diodes and others. 
Currently materials such as indium tin oxide (ITO) are the gold standard for transparent 
conductive thin film coatings. ITO has its draw backs; it is becoming more expensive as 
the remaining supply is unknown, it is relatively brittle and therefore cannot be used for 
flexible coatings, and processing it is not environmentally friendly. Carbon nanotubes 
have been studied as alternatives to ITO because they can produce films with similar 
conductivities and transparencies while also obtaining high flexibility. Although the cost 
of SWCNT restricts its commercial impact, other CNTs such as MWCNT, which can be 
manufactured in bulk at relatively low cost, are now being researched for use in 
conductive films. 
2.8. Objectives 
The objective of this research aims to create polymer thin films using electrospun 
polymer nanofibers as a method to apply nano-carbons that are typically very difficult to 
disperse in bulk processes. Nanodiamonds will be incorporated into the polymer 
nanofibers and carbon nanotubes will be self-assembled onto the nanofibers. Various 
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surface chemistries will be evaluated for effectiveness and measured for property 
enhancement of the nanofibers. Multiple nanotubes will be used, including MWCNT, 
DWCNT and TWCNT. The electrospun fibers will produce thin coatings on various 
substrates that will be studied for methods to improve transparency and electrical 
conductivity, as well as improved mechanical properties such as Young’s modulus, 
scratch resistance and hardness. The transmission efficiency will be evaluated to produce 
optically transparent coatings from both nanotube and nanodiamond-polymer 
nanocomposites. These could then be stacked in a multi-layered structure to produce 
multifunctional composites materials. 
 
In particular my research will focus on: 
• Characterization of a new grade of mass produced small-diameter carbon nanotube 
o Including a study of the effects of annealing, air oxidation and acid oxidation 
o Raman analysis on various treatments to study the effects on the tube structure 
o TEM analysis of wall structure 
• Use functionalized carbon nanotubes in composite materials 
• Produce and study composite materials from polyvinylidene fluoride 
o Electrospun nanofibers 
o Produce composite pellets for extrusion 
o Study mechanical properties 
• Electrospin a new polymer produced from a renewable resource, polyamide 11 
o Find a solvent for preparing an electrospinable solution 
o Characterize these fibers from a new polymer 
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• Produce polymer-nanocomposite coatings using electrospinning as an application 
technique 
o Nanodiamond inside the fiber 
o Nanotube outside the fiber using self-assembly 
• Systematically study the effects of number of nanotube depositions and the type of 
nanotubes: MWCNT, DWCNT and TWCNT on electrical conductivity 
• Perform different post-treatments to improve the transparency for the coatings, as 
well as the uniformity of the coating 
o Polymer softening to produce non porous films 
o Annealing to remove the polymer 
• Conduct a systematic study on the different post treatments to evaluate the change in 
properties 
o Electrical conductivity and resistance 
o Measure thickness 
o Optical transparency 
• Produce multi-layered structures by alternating the deposition of ND-PA 11 
nanofibers and PA-11 with nanotubes self-assembly on the surface 
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3. MATERIALS AND METHODS 
3.1. Carbon Nanotubes 
In following research double-walled carbon nanotubes (two concentric tubules), triple-
walled carbon nanotubes (three concentric tubules) and multi-walled carbon nanotubes 
(greater than three concentric tubules but generally more) are used. All the tubes used 
were from similar production routes (catalytic chemical vapor deposition) and have been 
modified in a similar manner with acid treatments. 
3.1.1. Arkema Multi-walled Carbon Nanotubes 
The as-received tubes were newly developed tubes from Arkema, France, produced by 
a CCVD technique using an iron catalyst. The as-received MWCNTs ( ar-MWCNT) are 
10-20 nm in diameter, exhibiting several walls and being a few μm’s in length, as seen in 
Figure 3.1(a). The as-received tubes also contain traces of the iron catalyst used during 
growth, as seen in Figure 3.1(a) and Figure 3.1(b). The wall structure can be seen in 
Figure 3.1(c). The MWCNTs can be produced in kilogram quantities and are thus 
applicable for mass production. 
 
Figure 3.1. TEM of ar-MWCNTs showing the iron (Fe) catalysts (a and b) and the wall 
structure (c). 
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3.1.2. Double-walled Carbon Nanotubes 
The double-walled carbon nanotubes were produced by the Catalytic Chemical Vapor 
Deposition (CCVD) technique by E. Flahaut at the Paul Sabatier University, Toulouse, 
France. A Hyperchem® model of DWCNT can be seen in Figure 3.2, in which the two 
concentric tubes can be seen. The DWCNT were produced using a Mg0.99(Co1-xMox)0.01O 
catalyst (where x = 0.25 to 1.0), using the lowest possible amount of Mo for the smallest 
number of walls and more order in the graphitic structure.195 The CNTs were then 
washed using hydrochloric acid, HCl, or nitric acid, HNO3. The CNTs produced abided 
by the “one particle – one nanotube” mechanism.32 This processed yields 89.4 wt.% 
carbon species with 77% DWCNT, 18% SWCNT and 5% TWCNT representing the 
yields of the CNT species found in the sample. Typical diameters were measured to be 
1.23 – 3.23 nm, with a mean of 2.05 nm.31 
 
 
Figure 3.2. Hyperchem® rendering of a double-walled carbon nanotube (DWCNT) 
showing the two walls in different colors  (blue and red). On the left is a view from inside 
the DWCNT whereas the image on the right shows the structure from the outside of the 
tube. 
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3.1.3. PEG-Double-walled Carbon Nanotubes 
The samples of double-walled carbon nanotubes – PEG2000 (DWCNT_PEG) are the 
original DWCNT as received from E. Flahaut but with PEG grafted onto the DWCNT 
outer wall. The molecular weight of the PEG is 5500 and is in the form of methyl ester 
(HO -PEG-OCH3). 20 mg of DWCNT were oxidized, by HNO3, and were dispersed in 
40 ml of water/PEG5500 solution in a concentration of about 2 %wt. The treated 
DWCNT were dispersed by using a high power sonicator for 40 minutes following 
simple magnetic stirring overnight until reaching equilibrium in adsorption /desorption. 
3.1.4. Triple-walled Carbon Nanotubes 
The triple-walled carbon nanotubes (TWCNTs) were produced by the Catalytic 
Chemical Vapor Deposition (CCVD) technique by E. Flahaut at the University of 
Toulouse. They are produced in the same batches as DWCNT n smaller quantities ( ~ 5% 
of produced CNTS) but removed. 
3.2. Nanotube Treatments 
To improve the dispersion and composite properties, the carbon nanotubes were surface 
modified using a variety of techniques. High temperature annealing, thermal oxidation in 
air and acid treatments were employed to alter the surface chemistry by either healing the 
defects and making the surface more pristine using annealing treatments or by creating 
defects in the CNT walls and thus producing functional sites to improve CNT/matrix 
compatibility using air and acid oxidative techniques. 
3.2.1. Annealing Treatment 
The samples underwent vacuum annealing for three hours at two different 
temperatures, 1800°C and 2000°C in a vacuum furnace (Solar Atmospheres as seen in 
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Figure 3.3) with graphite heaters at a pressure of 10-6 Torr. The MWCNT were placed in 
a glassy carbon container with a glassy carbon lid. The samples were annealed using a 
~10°C/min heating and cooling rate. A TEM image of the annealed tubes is shown in 
Figure 3.1(b) in which the amorphous carbon is removed by the high temperature 
annealing leaving a pristine graphitic surface for the MWCNT. High temperature 
annealing also removes the catalyst material. 
 
 
Figure 3.3. Image of the high temperature vacuum furnace (Solar Atmospheres) used to 
anneal the multi-walled carbon nanotubes, making them more graphitic in nature by 
healing the defects and removing the catalyst particles. 
. 
3.2.2. Air-Oxidation Treatment 
The MWCNT were placed in a tube furnace, as seen in Figure 3.4, at 450°C for 30 
minutes under ambient conditions. The air-oxidation process removes amorphous carbon 
and creates more defect sites for functional groups to form,196 as seen in Equation 3.1, 
ܥሺ஼ே்ሻ ൅ ܱଶሺ௚௔௦ሻ ื ܥܱଶሺ௚௔௦ሻ ൅  ܪ݁ܽݐ  (3.1) 
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in which the reaction of oxygen from the air reacts with the CNTs to produce carbon 
dioxide and release heat. The MWCNT (~ 0.5 g/boat, 2-3 boats per run) were placed on a 
quartz boat in the tube furnace and removed immediately after 30 minutes, thus 
undergoing a quick cool down. The MWCNT do exhibit a burn-off of a significant 
amount of carbon material (anywhere form 20-70%) as determined by weighing the CNT 
powder before and after multiple runs. 
 
 
Figure 3.4. Image of the tube furnace used in the air oxidation process for the MWCNTs. 
MWCNT were weighted, placed in a quartz boat and then placed inside the glass tube at 
450°C for 30 minutes. 
 
3.2.3. Acid Treatment 
Two different oxidation routes were used to produce carboxylic groups. In the first one, 
10 mg of MWCNTs were immersed in 50 mL of nitric acid (Fisher Scientific, 70%) and 
stirred at 110°C under reflux for 48 h (PAN and SCS-6 experiments), as seen in the TEM 
in Figure 3.1(c) showing functional groups created by the acid treatment at defect sites in 
Glass tube
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the MWCNT walls. Because this treatment was too long and energy-consuming, another 
route was used where MWCNTs were immersed in a mixture of nitric (Fisher Scientific, 
70%) and sulfuric acids, H2SO4 (Fisher Scientific, 95-97%), as seen in Figure 3.5, using 
volumes of 20 mL of, each for 30 min at 110°C (PA 11 experiments) to graft COOH 
groups on the MWCNT as previously reported.196 As seen in Equation 3.2, 
ܥ
ሺ஼ே்ሻ
ಹಿೀయೌ೙೏ ಹమೄೀరሱۛ ۛۛ ۛۛ ۛۛ ۛۛ ۛۛ ۛۛ ۛۛ ሮ
 ܥሺ஼ே்ሻ െ ܥܱܱܪ 
where the addition of nitric and sulfuric are shown to create a carboxylic groups on to the 
CNT surface. Ac-MWCNTs form stable suspensions in polar solvents.196 The nanotubes 
were then washed until a neutral pH was reached and dried at 70°C. The electrical 
conductivity of oxidized and as-received MWCNTs powders was found to be 3 S/cm. 
The powder (4 mg) was then dispersed in 100 mL of deionized (DI) water or in 10-40 mL 
of DMF, (CH3)2NC(O)H. 
 
 
Figure 3.5. Diagram of the acid oxidation setup using sulfuric and nitric acid to 
chemically functionalize the surface of the carbon nanotubes (120°C for 10 minutes). 
The tubes are subsequently washed until the ph is neutral. 
~120°C 10 min
H2SO4 + HNO3
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3.3. Nanodiamonds 
Nanodiamonds, also known as ultra dispersed diamond or detonation nanodiamond, are 
produce by a detonation synthesis and represent a nanometer size allotrope of carbon of 
sp3 hybridization. The nanodiamonds typically have a carbon onion, another sp2 carbon 
allotrope in which fullerenes are stacked concentrically, shell encapsulating the small 
diamond particle. Oxidative treatments have been used to remove the sp2 carbon shell to 
make the nanodiamond surface more accessible as seen in Figure 3.6. 
 
Figure 3.6. (A) TEM and Hyperchem® renderings of the as-received ND with amorphous 
carbon, encapsulating onion and other surface groups on the diamond particles (top).  
Oxidized nanodiamonds after air oxidation shows a pure nanodiamond in TEM with no 
sp2 shells having OH surface functional groups. (B)Optical image showing nanodiamond 
after various treatments in which the as-received powders (left) are air oxidized to 
remove the carbon material (left) , which appear grey and lighter than the un-oxidized 
powder.61 
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3.3.1. As-received 
The ultra nano crystalline diamond (UNCD) or nanodiamond (ND) powder was 
produced via a detonation synthesis and supplied by Nanoblox, Inc. (USA) as seen in 
Figure 3.7. The detonation synthesis results in primary particles of ND of 2-10 nm as 
well as amorphous carbon and some non-combustible metal catalysts as impurities. The 
ND particles themselves have sp2 carbon onions that encapsulate the NDs.61 As-received 
nanodiamond powder (UD90 grade) has been thoroughly characterized elsewhere using 
Raman spectroscopy, TEM, XANES, and FTIR.61, 197 The as-received ND was designated 
UD50, UD90 and UD98 and has been purified from the UD50 (initial powder) to the 
UD90 and UD98 samples using a multistage acid treatment. 
 
Figure 3.7. A diagram of the detonation synthesis of nanodiamond and an optical image 
of the resulting nanodiamond powder UD50 (black) and UD90 (grey). 
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3.3.2. Oxidation and Acid Treatment 
The UD90 has been purified by air oxidation for 2 hours at 430°C in ambient 
conditions in a tube furnace, as done previously by Osswald et al.,56 to remove non-
diamond carbon, as seen in Figure 3.6(a), and further treated in concentrated HCl (Fisher 
Scientific Normality 12.1) at 100°C for 24 hours to remove the metals and metal oxides 
by transforming them into water-soluble salts.61 Finally the ND powder was rinsed with 
deionized, DI, water until neutral pH. In addition to purification, HCl treatment of ND 
increases the number of surface carboxylic groups thus resulting in better suspension 
stability due to increased negative charge on the surface of the particles upon dissociation 
of –COOH. 
Roughly 50g of the air oxidized nanodiamond powder and 200ml of 35 wt.% aqueous 
HCl were placed in a 500ml glass flask and refluxed under continuous stirring at 100C 
for 24 hours. This procedure helps to purify the ND powder of the metallic admixtures 
which become accessible after the oxidation.61 The acid reacts with the metals and metal 
oxides transforming them into water-soluble salts. The salts and the excess of the 
unreacted HCl are then removed by multiple rinses with DI water until a neutral pH is 
reached.  
In addition to metal impurities removal, the treatment with aqueous HCl facilitates 
hydrolysis of anhydro- and ester functional groups thus fully converting those into 
carboxyl- functionalities via the reactions in Figure 3.8. 
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Figure 3.8. Diagram of the HCl treatment on ND to produce surface functional groups. 
3.4. Polymers 
3.4.1. Polyvinylidene Fluoride 
Polyvinylidene fluoride, (CH2CF2)n, is a fluoro-polymer consisting of two carbon atoms 
as the repeated backbone, one bonded to two hydrogen atoms while the other to two 
fluorine atoms, as seen in Figure 3.9. The polyvinylidene fluoride (PVdF) was obtained 
from Arkema (King of Prussia) as the product Kynar (710, 740 and 760 – increasing from 
low molecular weight to high molecular weight) in pellet form. The PVdF was dissolved 
using dimethyl formamide (DMF) in concentrations ranging from 15-35 wt.%. 
 
 
Figure 3.9. Chemical equation for poly(vinylidene fluoride) (PVdF) provided by Arkema, 
Inc. in the form of Kynar®. 
C
F
F
C
H
H n
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3.4.2. Polyacrylonitrile 
Polyacrylonitrile (PAN), (CH2CHCN)n, was purchased from Scientific Polymer 
Products as a powder. PAN was dissolved in 6-10 wt.% concentrations in DMF. PAN’s 
structure is represented in Figure 3.10, where the carbon backbone has one R-group three 
hydrogen atoms repeated. 
 
Figure 3.10. Chemical equation for poly(acrylonitrile) (PAN). 
 
3.4.3. Polyamides 
Polyamide 11, PA11, (Rilsan®, BESVOA grade) and Polyamide 12, PA12, (Rilsan®, 
AESNO grade) were obtained from Arkema Inc. Their specific gravities were 1.02 and 
1.05 respectively. Polyamide 11, (CH2)11CONH, is of importance for its unique raw 
material source, castor beans. Polymers of non-petroleum based sources have become 
more attractive recently as oil prices have increased. Polyamide 11consists of a backbone 
of repeated 11 CH2 molecules bonded to CO and NH, as seen in Figure 3.11(left) 
Hyperchem® model of PA 11 is shown in Figure 3.11(right) where the light blue atoms 
are the carbon atoms, the red atoms are oxygen and the blue atoms are the nitrogen 
atoms. The amide bond occurs after the 11th CH2 molecule in the carbon backbone, thus 
polyamide 11. 
H
H H
C C
C≡N
n
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Figure 3.11. Chemical equation for poly(amide)-11 (PA 11) provided by Arkema, Inc. in 
the form of Rilsan®. 
3.5. Solution Preparation 
Various solutions were used in the experiments based on polyamide, polyvinylidene 
fluoride and polyacrylonitrile. The solutions were typically prepared using the same 
method of dissolving either pellets or powder in a solvent (or combination of solvents) 
aided by temperatures of 80-100°C and stirring with a magnetic stir bar until fully 
dissolved. Different concentrations of the polymer solutions were made depending on the 
spinability or processibility requirements. Electrospinning requires certain viscosity 
ranges that may not be used in other solution based processing methods. Furthermore, the 
addition of carbon nanoparticles alters the solution preparation based on type 
(nanodiamond versus nanotubes). 
3.5.1. Nanotube Dispersion 
As received, annealed, air oxidized and acid treated MWCNT were dispersed in 
dimethyl formamide, DMF (Fisher Scientific, 99.9%) using an ultra-sonic probe. CNTs 
were ultrasonicated for 2 minutes using the ultrasonic probe. Dispersion techniques such 
as the use of polyvinylpyrrolidone, (C6H9NO)n); Brij 700, (C18H37(OCH2CH2)nOH; and 
polystyrene, (C8H9)n, as surfactants were used in minute quantities to try to improve the 
CNT dispersion in DMF for the PVdF composites. For the PA 11 composites the CNTs 
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were impossible to disperse in the dichloromethane (DCM) and formic acid (FA) so acid 
treated MWCNT were dispersed in DMF for surface self-assembly on the PA 11 
electrospun nanofibers. Concentrations of 10 mg to 40 mg per 40 mL (0.4 mg/mL) of ac-
MWCNT were dispersed for most of the experiments. Concentrations of 0.1 mg/mL to 4 
mg/mL were also used for the initial self-assembly experiments. Acid treated DWCNT 
and TWCNTs were dispersed in DMF similar to the ac-MWCNTs. For the films a 
concentration of 0.25 mg/mL was used. 
The PEG grafted DWCNTs were dispersed in water to prevent the removal of the PEG. 
These samples were received from E. Flahaut in a concentration of 20 mg in 40 mL of 
water. For consistency half of the sample (10 mg) was separated and combined with 
another 20 mL of deionized water for a final concentration of 0.25 mg/mL. 
3.5.2. Nanodiamond Dispersion 
Oxidized nanodiamond was dispersed in DMF (PAN experiments) and HCl treated 
oxidized ND was dispersed in dichloromethane, CH2Cl2, (Alfa Aesar, 99.7%) and Formic 
Acid, HCOOH, (EMD, 98%) (1:1 volume ration for PA 11 experiments – DCM:FA). 
Using an ultrasonic probe the NDs were dispersed in the solution. The polymer (PAN or 
PA 11) were separately dissolved using the corresponding solvents and using low heat (~ 
100°C. In total half the solvent was used for the ND dispersal and the other half was used 
to dissolve the polymer. The dissolved polymer was then mixed with the dispersed NDs 
and put back under ultra-sonication and mixing to uniformally distribute the NDs in the 
polymer.  
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3.5.3. Polymer Dissolution 
A traditional solvent, DMF, was used to dissolve the PVdF and PAN. Concentrations of 
PVdF and PAN ranged from 15-35 wt.% and 6-12 wt.%, respectively. Both polymers 
were dissolved using a stirring hot plate at temperatures of ~100°C, as shown in Figure 
3.12. The polymers go from being pellets or powders to a viscous liquid after stirring in 
DMF. 
 
 
Figure 3.12. Diagram of polymer pellets mixing with a solvent to dissolve the polymers 
(left). The dissolved polymer in the beaker (right). 
 
3.5.4. Polyamide Dissolution 
Polyamide-11 (PA11) is one of the few polymers in existence that can be obtained from 
a “green” raw material, castor beans.198 Polyamides with long hydrocarbon chains, e.g. 
PA11 and PA12 are generally dissolved in phenolic or fluoric solvents that prevent these 
polymers from being electrospun and used in many applications because of their high 
boiling point and/or prohibitive cost. A large number of Nylon® polymers were tested to 
confirm the efficiency of a new solvent. For this purpose, a “Nylon kit” containing 
Nylon® 6, 6/6, 6/9, 6/10, 6/12, 11, 12 and 6(3)T (Poly(trimethyl hexamethylene 
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terephthalamide) was purchased from Scientific Polymer Products inc. Formic acid (88 
vol.% or 97 vol.%) and dichloromethane (99.7 %) were purchased from Mallinckroft and 
Alfa Aeser, respectively. A 1:1 volume ratio was used to effectively dissolve PA 11 and 
PA 12, as well as all other polyamides tested from the nylon kit. The PA 11 and PA 12 
were dissolved using low a stirring hot plate in which low temperatures (~60°C) to 
facilitate the process, similar to Figure 3.12 (but using FA and DCM as the solvent).   
3.6. Pellet Manufacturing 
PVdF was dissolved in DMF according to the specifications used for electrospinning 
(~30 wt.%). Large quantities of PVdF/DMF solution were mixed in a glass container 
with a controllable flow rate out of an aperture as seen in Figure 3.13. The PVdF forms a 
drop at the aperture tip and drops. The drop of PVdF is then allowed to drip into a stirring 
beaker of dionized water. The water acts as a non-solvent and removes a majority of the 
DMF from the PVdF. The PVdF forms a small round shape and is continuously stirred 
until all the PVdF forms small beads (pellets). The water is then removed by pouring the 
pellets and water over a filter. The pellets are then air dried at room temperature for a 
week to allow for water and any trace amount of DMF to evaporate. Pellets were also 
manufactured using MWCNTs (ac-MWCNT, ox-MWCNT and ar-MWCNT). The CNTs 
were dispersed in DMF and PVdF as done for the electrospinning preparation. The pellets 
are manufactured in the same manner as pure polymer pellets which are made as a 
control sample for mechanical testing. Various concentrations of MWCNTs were used; 
0.5-20 wt.% ar-MWCNT, 0.5-2 ac-MWCNT and 0.5-10 ox-MWCNT. 
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Figure 3.13. Diagram of the pelletizing process of PVdF/MWCNT composites using the 
non-solvent technique. Stirring was used to prevent the polymer drops from aggregating 
shortly after immersion in the water bath. 
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3.7. Melt Pressing 
The prepared PVdF pellets and MWCNT/PVdF pellets were placed between silicone 
sheets to prevent contamination from the metal plates. Pressure was applied (80 kpsi) 
between two metallic plates heated to ~120°C and held for 15 minutes. The pellets melt 
and spread into thin sheets as seen in Figure 3.14. The pressed sheets were tested for 
electrical conductivity.  
 
 
Figure 3.14. Diagram of the melt pressing technique in which polymer bead and powders 
and beads and powders coated with ac-MWCNT where pressed into films. The polymer 
beads/powders where heated to 120°C and then pressed at 80 kpsi for 15 minutes. 
 
3.8. Electrospinning 
A Nanofiber Electrospinning Unit (NEU from Kato) was used to produce the 
nanofibers, which were electrospun under various voltages ranging from 7.5 kV to 25 kV 
at spinning distances ranging from 5 cm to 20 cm in a horizontal syringe configuration. 
The syringe pump speed was adjusted between 20 and 30 cm/min. The target was either a 
stationary copper plate or a rotating drum covered with an aluminum foil. The rotating 
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Polymer sheet
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drum was spun at speeds of 5-50 m/min. While using a rotating drum, the syringe is 
traversed (2-10 m/min) parallel to the rotating drum, as seen in Figure 3.15. 
 
 
Figure 3.15. Image of the electrospinning setup up using the NEU with a rotating drum 
and a traversing stage to produce electrospun nanofibers. 
 
3.8.1. PVdF 
PVdF pellets were dissolved in DMF at concentrations of 15-35 wt.% under 
temperatures of ~100°C on a stirring hot plate. The resulting solution was placed in a 
glass syringe (5-20 mL) with an 18 gauge needle as an aperture (purchased from Becton, 
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Dickinson and Co.). The polymer solution was electrospun using an electric field of 1-1.5 
keV/cm (at a distance of ~15-20 cm) to reduce beading and promote uniform fibers. At 
low concentrations, <30 wt.%, a salt, tetramethylammonium chloride, N(CH3)4Cl, 
(TMAC), is added to stabilize the fiber formation. For PVdF/MWCNT composite fibers, 
0.1-10 wt.% MWCNT in the polymer solution (air-oxidized, as-received or annealed), are 
first dispersed in DMF and then the polymer is added. 
3.8.2. PAN 
Polyacrylonitrile powder were dissolved in DMF at concentrations of 6-10 wt.% under 
temperatures of ~100°C on a stirring hot plate. The resulting solution was placed in a 
syringe (5-20 mL) with a 18G needle as an aperture. The polymer solution was 
electrospun using an electric field of 1-1.5 keV/cm (at a distance of ~10-20 cm) to reduce 
beading and promote uniform fibers. For PAN/ND composite fibers 10-90 wt.% ND in 
the polymer solution (oxidized and hydrochloric acid treated) are first dispersed in DMF 
and then the polymer is added. 
3.8.3. PA 11 and 12 
PA11 has been electrospun at concentrations from 2 wt.% to 5 wt.% using the 1/1 
volume ratio of solvents. The resulting solution was placed in a syringe (5-20 mL) with a 
30 G needle. Due to the fluidity of the solution, a small aperture was used to prevent 
dripping and large droplets from depositing on the collection plate. The polymer solution 
was electrospun using an electric field of 1-1.5 keV/cm (at distances of 7.5-15 cm). 
3.9. Electrospinning Thin Films Coatings 
Electrospinning of thin films onto glass was performed using PA 11 in concentrations 
of 2 and 4 wt.%, for CNT films and ~8 wt.% for nanodiamond (10 wt.% loading) 
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containing films. The nanodiamond (10, 20, 40, 50, 60 and 90 wt.%  loading) in PAN (~8 
wt.%) was also used to produce films. Different concentrations were used to control the 
fiber diameter and alter the spacing between the fibers. Higher concentrations produce 
larger fibers and thus provide more coverage and thicker mats but less surface area for 
CNT self-assembly. The PA 11 was electrospun onto glass microscope cover slides using 
a configuration of 6 slides taped at the edges onto aluminum foil, as seen in Figure 3.16. 
Figure 3.16 shows the six cover slides that mid way through the total predetermined 
electrospinning time are flipped 180° to ensure a more equal coverage of nanofibers. 
Electrospinning times of 10, 20, 40, 60 and 120 minutes were used mostly for the PA 11 
films with ac-CNTs. Thicker mats were collected from longer electrospinning times. 
 
Figure 3.16. Diagram of the glass slide setup used for electrospun nanofiber coatings 
onto substrates. Typically six slides where arranged with three on the top and bottom 
rows. The glass slides were taped to aluminum foil to allow for easy removal from the 
collection post. Mid-way through the total electrospinning time, the slides are flipped. 
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3.10. Self-Assembly of Nanotubes 
Electrostatic self-assembly and hydrogen bonding assisted self-assembly provide for 
efficient and effect means to produce composite materials between polymer and carbon 
nanotubes which are hard to process using tradition mixing techniques. By using the 
inherent opposite charges of the CNTs and polymer surfaces, a quick assembly technique 
leads to CNTs which are strongly attracted to the polymer and are not easily removed 
even under sonication. Hydrogen bonding provides another route that allows self-
assembly of CNTs possessing COOH functional groups onto non-surface charged 
polymers. Self-assembly provides for a bottom-up technique that is easily scale-able for 
industrial quantities of material. 
3.10.1. Pellets 
As-received pellets of PA 11, (Rilsan, BESVOA) were placed in a vial containing 
various concentrations of ac-MWCNT in DMF (0.04 to 4 g/L) and sonicated to promote 
self-assembly. The pellets were then placed on a filter to remove the excess DMF. 
Deionized water was then used to rinse the pellets of any loose ac-MWCNT. The pellets 
were then left to air-dry under ambient conditions. 
3.10.2. Powders 
PA 11 powder was used in the form of D30, D80 and T-Natural (which refers to the 
particle size). D30, D80 and T-Natural are stated to have an average particle size of 30, 
80 and >120 μm, respectively. The powders were submerged in various concentrations of 
ac-MWCNT and DMF ranging from 0.04 to 4 g/L for self-assembly. The powders were 
then left on a filter to remove excess DMF. The powders were then washed and sonicated 
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and left to air dry in ambient conditions. Subsequent depositions were also employed as 
well as corresponding washing and drying. 
3.10.3. Polyamide Nanofibers 
A solution of ac-MWCNT (as well as ac-DWCNT, ac-TWCNT and PEG-DWCNT) 
was applied to electrospun nanofibers of PA 11. The NFs were either placed in the CNT 
solution or the solution was applied to the NFs by a dropper. Three to four drops of ac-
CNTs were applied to the electrospun nanofiber films on a glass cover slide as seen in 
Figure 3.17. Either the drops can be applied directly to the fiber mats, Figure 3.17(a), and 
allowed to wet the coating (similar to drop casting or if the films are rotating then similar 
to spin coating) or the drops wet a glass slide and the nanofiber coated cover slide are 
inverted and placed onto the wet part of the glass slide, Figure 3.17(b). The inverted slide 
technique was used because to depositions were more uniform than the direct 
applications of ac-CNT without the access to a spin coater. The PAN fibers submerged in 
the solution are washed in a similar manner to the powder and pellets. The fibers in 
which the CNT solutions is applied directly onto the surface are left to air dry in ambient 
conditions and then subsequent depositions of ac-MWCNT can be applied. 
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Figure 3.17. Diagram of the CNT deposition process. In the first method (a) a dropper is 
filled with CNT solution and deposited directly onto the polymer nanofiber coatings. In 
the second, and primarily used, method the CNT solution was placed on a glass 
microscope slide using 3-4 drops and then the polymer nanofiber coated substrate was 
inverted and placed onto the drop for a more even distribution of CNTs. 
 
3.10.4. Polyacrylonitrile Nanofibers 
The PAN electrospun fiber mats were then immersed in 1N NaOH (Fisher Scientific) at 
80°C for 20 min, following the protocol developed by Drew et al [25]. The mat turned 
from white to yellow/orange indicating the oxidation of fibers (COOH functionalization). 
The functionalized PAN nanofibers were then immersed for 30 min in an aqueous 
solution containing 10 mM of PDDAC, (CH2)8N+ (poly(diallyldimethylammonium 
chloride), 20 wt.% in water, MW = 100,000-200,000 g/mol) was purchased from Sigma-
Aldrich), a positively charged polyelectrolyte was adsorbed onto the fibers via 
electrostatic interaction, and 100 mM of NaCl. After being thoroughly washed in DI 
water, the mats were immersed for 30 min into the aqueous solution of ac-MWCNT. 
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When performed in cycles, this procedure called layer by layer (LBL) deposition, can be 
used to form thick self-assembled layers of MWCNTs.  
Another approach to show a coating is possible used silicon carbide filaments. SCS-6 
fibers (Textron Specialty Materials, Lowell, MA) were also used were heat treated at 
470°C in air for 1 hour or 3 hours, to oxidize the outer graphite layer and provide some 
carboxyl surface terminations prior to PAN deposition. PAN nanofibers were deposited 
onto the SCS-6 fibers from an aqueous mixture to coat the SCS-6 fibers. The fibers were 
then immersed in the PDDAC aqueous solution, rinsed with DI water and immersed in 
the DMF solution of ac-MWCNTs. 
3.11. Thin Film Production 
Thin films are produced using electrospun nanofibers. CNTs can be deposited onto the 
nanofibers or nanodiamonds are spun directly in the nanofibers. Further post-treatments 
are needed on the coatings to reduce scattering, due to the numerous nanofibers and their 
small diameter, thus improving the optical transmission. Preservation of the electrical 
conductivity is also desired in the films using post-treatments. 
3.11.1. Nanotube Depositions 
Acid treated nanotubes (MWCNT, DWCNT and TWCNT) were dispersed in DMF and 
water (PEG-DWCNT). The CNT solutions were applied by a dropper in 3-4 drops per 
deposition directly onto the electrospun nanofiber mats (or other polyamide surfaces – 
powder and pellets). The mats are then left to air dry. The number of depositions was 
repeated from one to ten to test various properties related to the CNT content. The 
resulting films have CNTs bonded to the surface of the polymer which are not removed 
even after sonication in water for 20 minutes. 
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3.11.2. Fusing 
The electrospun nanofiber mats were placed on a hot plate at ~120°C for 10-30 
minutes. The polymer fibers fuse and spread into a thin film, coating the substrate. The 
CNT’s structure is mostly retained although some disruption to the CNT network is 
observed. Melting improves the transparency as the fiber facets are eliminated by fusing.  
3.11.3. Polymer Removal 
The electrospun nanofiber mats were placed in a furnace at 450°C for 30 minutes. After 
30 minutes the polymer is completely removed and only the CNTs are left coating the 
substrate. Polymer removal is done to improve the transparency. The CNT network is 
maintained due to quick removal of the polymer as a result of the thermal annealing 
process. 
3.12. Materials Characterization 
Analysis of the structure of the carbon nanotubes was performed using Raman 
spectroscopy. SEM was used to show the surface morphology of the nanofiber and films, 
nanofiber diameter, carbon nanotube deposition onto various polymer particles and 
carbon nanotube dispersion. TEM was used to show fiber morphology and the 
incorporation of nanodiamond inside the nanofibers. The films were studied and 
evaluated using UV/Vis to determine transparency, nanoindentation for mechanical 
properties, 2- and 4- probe for electrical resistance (conductivity), Profilometer for film 
thickness and the SEM for effect of heat treatment on nanotube network. The Zetasizer 
was used to measure the qualitative difference in dispersion techniques applied to the 
MWCNT. 
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3.12.1. Raman Spectroscopy 
Raman spectra were acquired using a Renishaw 1000/2000 Raman micro-spectrometer 
(1800 l/mm grating) in back-scattering geometry. The excitation sources used were 
785nm (diode laser), 633 (HeNe) and 514.5 (Ar+). All data was analyzed using Grams 32 
software and Renishaw Wire 2.0. Data is displayed using Origin and Microsoft Excel. 
MWCNTs were oxidized in air using a Linkam hot stage, as seen in Figure 3.18, and 
Raman spectra were recorded in situ using a long focus, x20 objective (200x 
magnification, ~5 μm spot size), under isothermal and non-isothermal conditions.  In 
non-isothermal treatment experiments a slow, controllable, step increase in the 
temperature allows in-situ observations of the Raman spectra to determine changes in the 
structure of carbon nanotubes. In the isothermal experiments, a heating rate of 50°C/min 
was used to reach the final oxidation temperatures of 330, 350, 385, 430, 460 and 500°C. 
The Raman spectra of these samples were recorded in situ every 15 min for a period of 
300 min. For comparison, thermal gravimetric analysis (TGA) was used including two 
similar steps: heating with 50°C/min to the final oxidation temperature and measuring the 
weight loss at this particular temperature for 300 min. The oxygen for the oxidation 
reaction was provided using an air flow of 40 ml/min. This treatment has been done for 
350, 400, 420, 440, 460, 465, 490 and 590°C for 300 min. 
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Figure 3.18. Picture of the hot stage used to perform in situ Raman observation of the 
air-oxidation process on the MWCNTs. 
 
In all other cases, for the heat treated MWCNT, the spot size was ~2 μm using a 
magnification of 500x (x50 objective, defocusing was used to prevent tube heating by the 
laser yielding a spot size of 5 μm).55 The spectra for the air-oxidized samples were 
collected with 2 accumulations of 30 seconds each.   
The spectra of the DWCNT, TWCNT and the acid oxidized tubes (ac-DWCNT, ac-
TWCNT and ac-MWCNT) were recorded using 10 second scans with the number of 
scans ranging from 10 to 20. A x50 objective (500x magnification, ~2 μm spot size) was 
used as well as a 10% power setting for the incident laser.  
3.12.2. UV/Vis Spectroscopy 
UV/Vis spectroscopy was performed using a Perkin Elmer UV/Vis Lambda 35 
spectrometer in transmission mode in the range of 200-800 nm for the 2 wt.% and 
comparison to the  3 and 4 wt.% PA 11 in the initial studies. A Thermo Scientific 
Evolution 600 UV/Vis Spectrophotometer, Figure 3.19(a) and Figure 3.19(b) showing the 
internal configuration, was used for the 4 wt.% samples (ac-MWCNT, ac-TWCNT, ac-
DWCNT and DWCNT-PEG). A range of 200-800 nm was used to record the spectra 
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using a bandwidth of 0.2 nm and an accuracy of ±0.3 nm. The spectrophotometer uses a 
deuterium and halogen lamps as well as VisionPro software to display the spectra. The 
data was further transferred into Microsoft Excel and Origin for the figures. 
 
Figure 3.19. Image of the Thermo Scientific UV/Vis spectrophotometer (a) in which the 
samples are placed in the chamber to measure the transmission across a 200 – 800 nm 
range. Diagram (b) of the UV/Vis system internal schematics.199 In this setup the sample 
is the glass coated with nanofibers and nanotubes and the reference is blank. The 
samples were measured in transmittance. 
 
3.12.3. Laser Profilometry 
An optical profilometer Zygo New View 6000 was used to measure the thickness of the 
films employing a laser source, a non-contact method, and to obtain a surface profile. The 
Zygo New View 6000 has an optical microscope lateral resolution > 0.45 µm to 11.8 µm 
and a vertical z-scan measurement range from 0.1 nm to 15000 µm. It has a data scan rate 
of up to 85 µm/sec with 0.1 nm height resolution with a step height accuracy of better 
than 0.75%. The scan and display areas up to 150 mm x 150 mm. 
3.12.4. Zetasizer 
Particle size measurements were performed using a Malvern Zetasizer Nano ZS, Figure 
3.20(a), in which the particles are analyzed by a dynamic light scatter (DLS) technique, 
Figure 3.20(b), to determine the average diameter of the particles, assuming a spherical 
a)
Cuvette
Particles
Light Source
Detector
Focusing Lens
b)
 56 
 
cluster using the Stokes-Einstein equation built into the software. The Nano ZS is capable 
of determining particle size from 0.6 nm to 6 µm and also Zeta potential measurements. 
The nanotubes were dispersed in a solvent (DMF) and placed in a glass cube. 
 
Figure 3.20. Optical image (a) of the Zetasizer used to determine the dispersion using 
particle size of the CNTs using various surfactants and a diagram (b) of dynamic light 
scattering in which the incident beam scatters of the particles in the cuvette and is 
detected by the detector and converted into size measurements using the Stokes-
Einstein equation. 
 
3.12.5. Nanoindentation 
Depth sensing indentation and scratching was conducted at room temperature using a 
NanoIndenter XP (MTS Corp.) equipped with a continuous stiffness measurement (CSM) 
attachment. The indents were performed with a spheroconical diamond indenter of 13.5 
µm radius to depths of 300 nm (only ~10% of the coating thickness) to minimize 
substrate effects on the measured properties. The scratches were performed using a 
Berkovich tip, increasing the load linearly from 0 to 5 mN over a length of 500 µm. 
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3.12.6. Scanning Electron Microscopy 
Scanning Electron Microscopy (SEM) was performed using a Zeiss Supra VP-50 field 
emission SEM. The nominal resolution of the Zeiss is 1.7 nm and is used for its high 
resolution which enables small nanofibers to be seen clearly as well as individual 
nanotubes. The Zeiss allows for low voltage work, enabling sample heating to be reduced 
and polymers to be imaged without the need for a conductive coating, such as Pt/Pd.  
Images of the polymer fibers were collected using an In Lens detector at 1-2 kV with a 
working distance of ~ 4 mm. The low voltage allowed for direct imaging of the 
nanofibers on the aluminum foil substrate they were electrospun onto without applying a 
conductive coating. Images of CNTs were collected using an In Lens detector at 5-10 kV 
with a working distance of ~4 mm. Images of the thin films were taken using 2-5 kV at ~ 
4 mm. Some film samples were coated with silver paint to allow for imaging of the non-
conductive films. The images were analyzed and the fiber and ribbon diameters were 
measured using Adobe Acrobat 8.0 and Image J. 
3.12.7. Transmission Electron Microscopy 
The TEM analysis was conducted using a JEOL 2010 F TEM/STEM. The TEM has a 
point-to-point resolution of 0.23 nm when operated at 200 kV.  The ar-MWCNT and heat 
treated nanotubes were dispersed in isopropanol and deposited onto a lacey carbon-
coated grid. The PAN/ND composite nanofibers were spun directly onto the grids. 
Accelerating voltages of 100 and 200 kV were used in various experiments. The images 
were collected on a high resolution CCD camera using digital Micrograph software. 
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3.12.8.  Electrical Conductivity 
Electrical resistivity of the powder samples were obtained using two copper wires (2-
probe) pressing the CNT powder in between them in a rubber cell. The 2-probe method 
(Keithley 196 System DIMM, DC, Ohm meter) directly measures the resistance between 
two probes was used on the PVdF samples as well as melt pressed PA 11. A 4-probe 
(Alessi Industries) tester was used on the nanofiber films. The equipment had tungsten 
carbide probes with a spacing of ~1 mm and a tip radius of ~51 µm and uses a pressure of 
40/70 grams/tip. In 4-probe measurements, the resistivity was measured by Equation 3.3,  
ߩ଴ ൌ 2ߨݏ
௏
ூ
   (3.3) 
assuming a semi-infinite volume where ρ0 is the resistivity, V is the voltage between the 
two inner probes, I is the current run between the two outer probes, s is the constant 
spacing between all of the probes and π is pi. Although this form is valid only for semi-
infinite samples, real samples having a thickness correction factor, a, obey Equation 3.4 
ߩ଴ ൌ 2ܽߨݏ
௏
ூ
ൌ ܽߩ଴   (3.4) 
The correction factor is needed for samples whose thickness is less than 5 times the probe 
spacing distance, s. Thus for thin films a can be approximated using Equation 3.5 
ܽ ൌ 0.72 ௧
௦
    (3.5) 
where t is the film thickness and is very small compared to the probe spacing (in the 
electrospun thin film samples t is on the order of ~100 nm). The resistivity was then 
converted into sheet resistance using Equation 3.6 
ܴ௦ ൌ  
ఘ
௧
ൌ 4.53 ௏
ூ
   (3.6) 
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where Rs is the sheet resistance of the thin films.200 The sheet resistance can later be 
converted into electrical conductivity for comparison to the work of others.  
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4. RESULTS AND DISCUSSION 
4.1. Carbon Nanotube Characterization 
Using a new type of carbon nanotubes, produced using a catalytic chemical vapor 
deposition (CCVD) synthesis, requires that the starting material be characterized to 
understand its role in the composite-matrix relationship. As-received carbon nanotubes 
were studied and then subjected to thermal and chemical treatments to modify the surface 
and structure. Various techniques have been employed such as Raman spectroscopy, 
SEM and TEM as well as TGA to determine the correct thermal treatments. 
4.1.1. Multi-walled Carbon Nanotubes 
The effects of vacuum annealing and oxidation in air on the structure of multi-walled 
carbon nanotubes (MWCNTs) produced by a large-scale catalytic chemical vapor 
deposition (CCVD) process are studied using Raman spectroscopy and transmission 
electron microscopy (TEM). A detailed Raman spectroscopic study of as-produced 
nanotubes has also been conducted. While oxidation in air up to 400°C removes 
disordered carbon, defects in tube walls are produced at higher temperatures. TEM 
reveals that MWCNTs annealed at 1800°C, Figure 4.1(b), and above become more 
ordered than as-received tubes, as seen in Figure 4.1(a), while the tubes annealed at 
2000°C exhibit polygonalization, mass transfer and over growth. The change in structure 
is observable by the separation of the Raman G and D’ peaks, a lower R-value (ID / IG 
ratio), and an increase in the intensity of the second order peaks. Using wavelengths from 
the deep ultraviolet (UV) range (5.08 eV) extending into the visible near infrared (IR) 
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(1.59 eV), the Raman spectra of MWCNTs reveal a dependence of the D-band position 
proportional to the excitation energy of the incident laser energies.   
4.1.1.1. As-Received Multi-walled Carbon Nanotubes 
Analysis of as-received MWCNTs (ar-MWCNTs) shows that the tubes range in size, 
most commonly found under TEM study, of 10 – 20 nm in diameter, Figure 3.1. Iron 
catalyst particles can be seen in many tubes, Figure 4.1(a). Tubes have ordered graphitic 
walls, Figure 4.1(a), and variable diameter and shape. Since this particular brand of 
nanotubes has never been described in literature, we conducted a detailed Raman 
spectroscopy and TEM analysis of the as-received tubes. Raman spectra of as-received 
nanotubes were recorded using excitation wavelengths from the deep UV to the near IR 
for a study on the effects of wavelength variation (Figure 4.2). The D-band not only 
changes in intensity from much greater than the G-band but also the peak position moves 
up as the excitation wavelength decreases from 780 nm to 325 nm; it becomes extinct at 
244 nm. As the excitation frequency is increased (wavelength decreased), the ratio of the 
D-band and G-band intensities, as seen in Equation 4.1,  
ܴ ൌ   ூವ
ூಸ
    (4.1) 
where ID is the intensity of the D-Band and IG is the G-Band intensity, decreases from 
3.07 for the 780 nm laser (1.59 eV) to 0.21 for the 325 nm laser (3.81 eV). The excitation 
energy (E, in eV) and incident wavelength (λ, in nanometers) are related by Equation 4.2 
ܧ ൌ ଵଶସଶ
ఒ
    (4.2) 
Although this ratio is a measure of the graphitic nature of the nanotube, it cannot be 
treated this way when comparing between different excitation energies because of the 
 62 
 
resonant Raman effect.201 At specific wavelengths, the excitation energy is in resonance 
with the tubes. This transition is much closer to the UV laser of wavelength 244 nm (5.08 
eV) than the red laser of the 780 nm,202 so as the wavelength increases the D-band is 
emphasized more than the G-band but the double-resonance D-band is not seen during 
excitation by the 244 nm laser, Figure 4.2. The enhancement of the D-band, as the 
excitation wavelength is increased, is shown through the decreasing R-values of the 
samples taken at different wavelengths. As the excitation energy changes, the position of 
the D-band and the combination bands of D+G and 2D are affected. Varying the 
wavelength from 780 nm to 488 nm (2.54 eV) results in a D-band shift from 1299 cm-1 to 
1357 cm-1, as seen in Figure 4.3(a).  The D-band shift is inversely proportional to the 
excitation wavelength and  is consistent with  literature for the D-band in glassy carbon 
(GC) and highly orientated pyrolytic graphite (HOPG) 203.   
 
Figure 4.1. TEM of the as-received MWCNT (a) showing amorphous carbon on the tube 
surfaced,  graphitized MWCNT (b) in which annealing heals the defects on the surface 
and produces a more pristine CNT, and oxidized MWCNT (c) produce from boiling 
HNO3 and creating functional sites at the CNT surface. 
5 nm 5 nm  5 nm 
As‐produced Graphitized
(1800°C, vacuum)
Oxidized
(boiling HNO3)
Amorphous 
carbon
Functional 
sites
a) b) c)
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Figure 4.2. Graph of the Raman spectra using multiple wavelengths to show the D-Band 
shift and R values (ID/IG). 
 
Figure 4.3. Graphs of the change in peak position of 1st order peaks (a) and the 2nd order 
and combinatorial peals (b) from the Raman data on multi-wavelength analysis of the ar-
MWCNTs. 
  
Comparison of MWCNTs to SWCNTs204 show that both SWCNTs and MWCNTs 
exhibit an up-shift in D-band position as excitation energy increases. Although different 
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values have been reported for different tubes at similar energies, such as a position at 
1357 cm-1 for MWCNTs using the 488 nm laser in comparison to 1342 cm-1 for SWCNTs 
at the same excitation energy, the differences reside in the different structure of the 
carbon species, which results in a range of peak positions. A larger diameter of tubes 
appears to have a larger up-shift range of D-bands occurs for SWCNTs based on dt, 
tubular diameter, warranting the idea that larger MWCNTs will have a slightly higher D-
band position than the smaller SWCNTs. As seen in Figure 4.3b, the up-shift more 
closely resembles the HOPG than the SWCNTs and the slope (cm-1/eV) is comparable to 
both the HOPG studied by Wang et al.203 and the SWCNTs studied by  Saito et al.205 for 
this particular sample. The expected D-band position can be calculated by Equation 
4.3,204, 206 
߱ௗ ൌ 1210 ൅ 53ሺܧ௟௔௦௘௥)    (4.3) 
where ωd is the D-band position in wave numbers (cm-1) and Elaser excitation energy (in 
eV). Using an excitation of 1.58 eV, Equation 4.3 yields a range of 1286 cm-1 to 1304 
cm-1 for the D-band, according to Brown et al.207. Its average position, measured in our 
experiments, for the same excitation, is 1299 cm-1, which lies in the reported range.   
A comparison of the MWCNTs from Arkema to those Saito et al.’s SWCNTs, 
demonstrates similar results for the slope of the plot (cm-1/eV). The slope articulates the 
change in peak position, imperative for the study of shifts of the D-band due to a change 
in the excitation energy during Raman analysis. The MWCNTs from Arkema resulted in 
a 47.7 cm-1/eV difference whereas the SWCNTs resulted in a. 53 cm-1/eV for Saito et al. 
and highly orientated pyrolitic graphite (HOPG) resulted in ~ 50.7 cm-1/eV.203 The 
dependency on wavelength may be due to the resonance of different peaks in the D-band, 
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where enhancement occurs at different wavelengths. The other first order peaks, such as 
the G-band and D’ band, do not have a dependence on the excitation energy. Whereas, 
the second order peaks (D+G and 2D) are dependent on the D-band for their position, the 
D-band shifts due to the excitation energy change will affect the combination peaks.   
As seen in Figure 4.3(b), up-shifts in the 2D and D+G peaks from 2585 cm-1 at 1.59 eV 
to 2713 cm-1 at 2.54 eV and 2901 cm-1 at 1.96 eV (633 nm) to 2954 cm-1 for 2.54 eV 
occur respectively.  A 3.81 eV excitation results in a D+G peak at 2907 cm-1, probably 
due to a large decrease in the D-band thus downplaying its effect on this peak. D+G and 
2D’ peaks show a strong dependence on excitation energy in the 1.5 – 2.5 eV range.  
As the excitation wavelength decreases as seen in Figure 4.2, the D-band loses its 
enhancement and the G-band is more noticeable as well as the second order peaks, D+G 
and 2D. The second order peaks start to be noticeable when using the 633 nm laser. As 
the wavelength further decreases, the D+G and 2D are much more defined and the 2D’ 
peak also becomes distinguishable. When using a 780 nm laser, enhancement of the D-
band occurs.  Consequently, by changing the wavelength, it is possible to enhance 
different areas of the spectra, resulting in a more complete analysis of the CNT samples.  
4.1.1.2. Vacuum Annealed Multi-Walled Carbon Nanotubes 
TEM images of tubes vacuum annealed for 3 hours at both 1800°C, Figure 4.4(a) and 
(c), and 2000°C, Figure 4.4(b) and (d), and the graphitization that occurs as seen in 
Figure 4.4(a-d). Individual tubes appear to be more graphitic after the 2000°C heat 
treatment. Figure 4.5 shows the whole Raman spectra of the as-received, and annealed 
tubes at 1800°C and 2000°C at 1.96 eV.  A separation of the G and D’ begins to occur, as 
seen in the inset, as the treatment temperature increases. Previously, many studied 
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MWCNTs samples contained a distribution of tube diameters, but the splitting of the G 
band, into G and D’, was not observed.208 In this experiment, the D’ peak becomes more 
distinguishable at this excitation without heat treatment and the G-band intensity relative 
to D-band increases as the temperature increases. It implies that the tubes transform to a 
more graphitic structure. The second order peaks are also observable after the treatment, 
indicative of an increase in the ordering of the graphite tube walls.  As the temperature 
increases to 1800°C and 2000°C the 2D peak becomes much more narrow and 
pronounced as do the combination peaks of D+G and 2D’ as a result of increasing 
graphitic order of the tubes.  
  
 
Figure 4.4. TEM images of (a) 1800°C annealed MWCNTs showing catalyst removal by 
heat treatment, (b) 2000°C annealed tubes showing overgrowth of a nanotube over the 
original in a sheath like structure as well as an arched semitoroidal structures, similar to 
that of GPCs, have been also formed (inset) through elimination of dangling bonds at 
high temperature, (c) lattice-fringe image of MWCNT walls after an 1800°C annealing 
treatment and (d) polygonized cross-section of a 2000°C annealed hollow MWCNT. 
10 nm
(c)
(b)(a)
(d)
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Figure 4.5. Raman Spectra of MWCNTs in the as-received state and after annealing in 
vacuum (633 nm laser).  Inset shows the splitting of the G-band and the D' peak as a 
shoulder in the G-band in the spectrum of MWCNTs annealed at 1800°C and fitting of 
the bands with Gaussian/Lorentzian peaks. 
  
The ratio, R, of ID / IG plotted versus the heat treatment temperature and the G-band 
shift resulting from a change in the treatment temperature are shown in Figure 4.6. The 
as-received tubes not only have a higher R value thus indicating more disordered carbon 
(defects in tube walls), but also the scatter of the points indicates that the as received 
sample contains nanotubes at different stages of graphitization and, possibly, some 
amorphous carbon. G-band positions ranged from ~1582 cm-1 up to ~1595 cm-1 in the as 
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received sample and have an average of 1587 cm-1, as seen in Figure 4.6. As the heat 
treatment is applied, the ordering of tube walls increases at 1800°C as the R-value 
decreases from 1.95 to 1.00. The 1800°C annealing treatment also shows the G-band 
around 1581 cm-1, close to the theoretical position of graphite. This implies that the tubes 
are very graphitic in structure and have more ordered walls. The 2000°C treatment shows 
an even further downshift to 1580 cm-1, and again more scattering of the tubes G-band 
position. This is where larger tubes start to become more polygonal in structure, as seen 
in Figure 4.4(d), with an R-value of 0.77. The observed tubes show a much more 
polygonal graphite structure as the tube walls start to become less cylindrical, similar to 
graphite polyhedral crystals (GPCs)209, indicating that the optimal annealing temperature 
has been exceeded. The 1800°C annealing results in a narrower distribution of the final 
G-band position thus producing tubes of a more uniform structure. The second order peak 
range also exhibits higher intensity peaks compared to the as-received tubes. The peaks at 
2469 cm-1, 2655 cm-1 and 2909 arise in both annealed samples. The 1800°C annealed 
tubes have one more peak at 3226 cm-1 corresponding to the 2D’ peak, also present in the 
2000°C sample. The appearance of strong second order peaks indicates that the tubes 
have more order in their structure, similar to that of graphite. 
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Figure 4.6. Graph of the dependence of the D-band to the G-band (R) ratio intensity and 
the G-band position on the vacuum annealing temperature (633nm laser). 
 
Some tubes after treatments also show over growth, as shown in Figure 4.4(b). The 
original tube has a sheath-like growth that is enclosing the original structure. This 
thickening of the tubes indicates mass transfer is occurring during the annealing process. 
Annealing of SWCNTs results in a structural change to MWCNTs according to Yudasaka 
et al. which starts at temperatures near 2000°C and leads to almost total transformation of 
the SWCNTs at 2400°C to MWCNTs.210 Temperature-induced polygonalization has also 
been observed in carbon .211 There is also an elimination of dangling bonds at the tips of 
the nanotubes through the “lip+lip” interactions as seen in the inset of Figure 4.4(b). The 
graphene sheets are connecting to other sheets and forming a loop.212 This will prevent 
bonding at the end of the tube by reducing the number of possible bonding sites and thus 
eliminating dangling bonds. Such nanotubes are expected to be less chemically active. 
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Annealing also provides a non-chemical process to remove catalytic particles from the 
nanotubes. As seen in Figure 4.1, the original tubes, Figure 4.1(a) and Figure 4.1(b), have 
catalytic iron particles, which can be seen as inclusions inside, typically at the end of the 
tubes. The annealed tubes, Figure 4.4(a) and 4.4(d), have no catalytic particles at the tube 
tips. Diffusion of metals through graphite and evaporation under vacuum has been 
previously reported.213 This method provides advantages over a chemical means of 
purification because the tube walls are not subject to damage, unlike in the case of acid 
treatment214 and complete removal of metal, including particles trapped inside tube, 
Figure 4(a), can be achieved. Moreover, this treatment eliminates initial defects in tube 
walls. This allows the tubes to become more graphitic, providing a potential enhancement 
of electrical and thermal properties in comparison to tubes that have been acid etched or 
otherwise damaged in a chemical treatment. Elimination of metal catalysts in carbon 
nanotubes may also be desirable for many applications requiring high purity such as 
biomedical drug delivery.   
4.1.1.3. Oxidized Multi-walled Carbon Nanotubes 
In addition to investigating the vacuum annealing process, an oxidative purification 
process was also a point of interest. Earlier studies on single- and double-walled carbon 
nanotubes showed the possibility to remove amorphous material from the tubes within a 
very narrow temperature range.215, 216 This method can be used to purify the nanotube 
samples without any appreciable sample loss or the creation of additional defects. Similar 
behavior is expected for MWCNTs. As seen in Figure 4.1, as-received tubes do not 
contain large amounts of amorphous carbon due to several purification steps following 
 71 
 
the production process. Since the content of amorphous species is small, the large D-band 
intensity can be ascribed to a high defect density in the walls of the nanotubes.  
Figure 4.7 shows the Raman spectra of MWCNTs, after isothermal oxidation at 
different temperatures, measured after cooling to room temperature using a 633 nm 
excitation wavelength. The oxidized tubes show a noticeable separation of D’- and G-
bands, similar to the annealed tubes and the graphite peaks become sharper due to the 
oxidation. A decrease in line width also suggests elimination of disordered carbon and the 
most defective nanotubes. It is important to notice the D-band still remained fairly strong 
after oxidation. Thus, unlike in DWCNTs, where the D-band disappears after oxidation 
under similar conditions,216, 217 the D-band in the MWCNT sample probably originates 
from defects in the tube walls and the open tube ends. Figure 4.7 shows that the spectra 
of samples oxidized at 330-350°C are the same as from as-received nanotubes. Spectra of 
samples oxidized at 385°C and 430°C look similar with respect to R and the only change 
is the increased splitting between the G and D’ bands. Calculating R, using the integral 
intensity of both peaks (Figure 4.8), shows the changes in detail. For 330°C and 350°C 
the ratio is equal to the value of as-received tubes suggesting that no oxidation takes 
place under these conditions. It decreases for higher temperatures such as 385°C and 
430°C due to removal of disordered carbon and defective tubes. A further increase in 
oxidation temperature up to 460°C induces an increase in R to 1.95. This significant 
change can also be seen in Figure 4.7. This means that at temperatures above 430°C, the 
MWCNTs are damaged by oxidation, resulting in an increasing defect density and thus 
an increasing R value.  
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Figure 4.7. Raman Spectra of isothermally oxidized MWCNTs showing a change in the 
D and G bands leading to a change in R (633 nm laser). 
 
Figure 4.8. Graph of the R value (ID/IG) of the isothermally oxidized MWCNT as a 
function of temperature. 
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The creation of defects is not always a disadvantage. Introduction of defects occurs 
because of oxygen bonding to the carbon while forming carbonyl groups. This results in 
the functionalization by activating the shells of the nanotubes and may lead to improved 
wetting of the nanotubes218, 219 or bonding to a polymer matrix. Thus we can define two 
different temperature regimes in the oxidation behavior of MWCNTs. At lower 
temperatures (~385°C), we are able to remove amorphous carbon, without significant 
tube damage or sample loss. The second important temperature range is between 430 and 
500°C, which allows us to increase the defect density for functionalization purposes.  
4.2. Carbon Nanotube Dispersion 
Dispersion is a major issue in nanocarbon composites and the nanotubes’ aspect ratio 
and van der Waals interactions only intensify the issue. Traditional composite processing 
does not properly address this issue and it remains a major barrier to mass produced, high 
quality, uniformly distributed nanocomposites.   
4.2.1. Surfactants 
Surfactants such as polystyrene (PS), Brij 700 and polyvinylprilidone (PVP) were used 
to improve the MWCNT dispersion for further study in composite materials. As seen in 
Figure 4.9 when these surfactants are added to ar-MWCNT, the absorbance at 350 nm 
can be seen to increase, indicating an increase in the amount of ar-MWCNT in the 
solution and therefore an improvement in dispersion. There appears to be a maximum of 
a 1:1 ratio of weight of the surfactant to the weight of the MWCNT in which absorbance 
increases and then falls as more surfactant is added. PVP appears to be the best tested 
surfactant of the group. PS was an adequate surfactant used to separate the MWCNT and 
Brij 700 did not show much improvement in the dispersibility of the MWCNTs.  
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Figure 4.9. Role of the surfactant in AR-MWCNT dispersion as demonstrated by a 
UV/Vis spectra showing maximum absorbance at around a 1:1 of surfactant to MWCNT 
resulting in the most disperse solution. 
 
PVP was further introduced to various surface modified MWCNT (annealed and air-
oxidized) to evaluate it use for these tubes as a dispersant agent, as seen in Figure 4.10. 
The graphitized tubes appear to exhibit little to no improvement at all ratios, where as the 
air-oxidized tubes show higher absorbance even at very low amounts of surfactant 
compared to the as-received tubes. Additions of PVP improve the dispersion of ac-
MWCNTs slightly at a maximum of about 0.02 wt.%PVP to wt.%MWCNT and then the 
dispersion decreases as more surfactant is added. The solubility improves by about 500% 
using ox-MWCNTs with small additions of PVP as shown by a 6-fold increase in 
absorbance. As seen in the optical image of the solutions in vials (Figure 4.10), the 
solutions prepared for the Zetasizer show an increase in the absorbance, darker solution 
stemming from more MWCNT in solution and then a decrease, lighter solution resulting 
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from less MWCNTs in solution corresponds to the graph in Figure 4.10. Surfactants, 
namely PVP, show improved dispersibility but do not show tremendous improvements in 
conjunction with surface modification. 
 
 
Figure 4.10. Graph of the role of MWCNT surface chemistry on surfactant (PVP) aided 
dispersion of MWCNTs. Optical image showing increasing amounts of MWCNT in 
solution (darker solution) up to about 0.02 by weight of PVP / the weight of the MWCNT 
and then a decrease in solubility (lighter solution as a result of less MWCNT present) as 
the amount of PVP increases. 
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use of a surfactant. As seen in Figure 4.11, the annealed tubes (graph.) show a decrease 
by 48% when compared to the reference sample, whereas the functionalized surfaces 
show an increase of 570% and 1200% for the ox-MWCNT and the ac-MWCNT, 
respectively. The optical image in Figure 4.12 shows a much darker solution for the acid 
oxidized MWCNT than in the as-received state (higher absorbance). The increase in 
absorbance (~3.0 for the ac-MWCNT) is almost double that for the PVP wrapped ox-
MWCNTs (~1.6). Thus by using acid functionalized MWCNT, the dispersion is 
improved and functional sites are created for further transfer of properties from the 
matrix to the filler. To test the dispersibility of the MWCNT in real systems, solution cast 
PVdF-MWCNT composites were used. As seen in Figure 4.13, a 1 wt.% addition of ar-
MWCNT  shows large, dark agglomerates of MWCNT, whereas the ox-MWCNT show a 
much more uniform and evenly dispersed composite with much smaller aggregates 
emphasizing a much improved dispersion in the polymer matrix. 
 
Figure 4.11. Graph showing the solubility of Arkema MWCNT with different surface 
chemistries using the absorbance from UV/Vis spectroscopy: Annealed (graph.), As-
received (AR), air-oxidiezed (air) and acid-oxidized (ac). 
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Figure 4.12. Optical images showing vials of two different MWCNT (as-received and 
acid-oxidized) and their stability in DMF. The ac-oxidized sample shows better 
dispersion by the darker solution after diluting both samples equally. 
 
Figure 4.13. Optical images showing the dispersion of AR-MWCNT (1 wt.%) and air-
MWCNT (1 wt.%) in Kynar 760 (PVdF) cast films. 
 
4.3. Polyvinylidene Fluoride Pellet Production 
Using MWCNTs with multiple surface chemistries, pellets have been produced from 
solution that could be used in traditional polymer processing techniques with better 
dispersed MWCNTs. Solution processing prevents agglomeration better than melt 
processes. By varying the surface of the MWCNT and the concentration of MWCNT 
used in the solution some mechanical properties were obtained for extruded samples 
based on the production of the PVdF-MWCNT pellets. 
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As seen in Figure 4.14(a) the pellets are produced by dropping a solution of 80 wt.% 
DMF and a combined 20 wt.% (As per Equation 4.4) of PVdF and MWCNTs into 
rotating water, a non-solvent for DMF. Equation 4.4 shows the weight percent for the 
DMF, w, as the weight of the solvent, ws, divided by the sum of the constituent parts 
weight of the polymer (wp), filler (wf) and solvent (ws). 
ݓ ൌ ௪ೞ
൫௪೛ା௪೑ା௪ೞ൯
    (4.4) 
The quick removal of a majority of the DMF allows for the MWCNT to be “flash 
frozen” into place in the polymer, Figure 4.14(b), while the remaining DMF is evaporated 
over the course of 4-5 days at room temperature, Figure 4.14(c). Pellets of ar-MWCNT 
were made with concentrations compared to the PVdF of 1, 5, 10 and 20 wt.%; the ox-
MWCNT were made in concentrations of 1 and 2.5 wt.%; and PVP was used with 1 wt.% 
of both ar-MWCNT and ox-MWCNT. Electrical measurements show that the pure 
polymer pellets have a conductivity of < 10-12 S/cm. By adding MWCNT the 
conductivity is increased to ~10-5 S/cm for a 10 wt.% addition and  ~10-1 S/cm for a 20 
wt.% addition, whereas the ar-MWCNT possess a conductivity of ~ 10-1 S/cm. This 
improvement was promising but does not translate well into improved electrical 
conductivity for further melt processes after the pellets have been produced. Both an 
injection molding (using melted polymer pellets) and direct melt pressing yielded no 
improvements in electrical conductivity other processes in which the MWCNT do not 
become encapsulated or a method in which the MWCNT can be accessed to test would 
be desirable to see improvements in electrical conductivity. 
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Figure 4.14. Optical images showing (a) the pellet making process in which a solution 
similar to that used for electrospinning, (b) the pellets made by non-solvent removal of 
the DMF from the PVdF/MWCNT composite and (c) pellets after drying in air for a week 
to ensure complete DMF removal.  
 
As seen in Figure 4.15, various mechanical properties such as Young’s modulus, 
elongation yield, elongation at break, stress yield and stress at break were tested on 
extruded composites made from the PVdF-MWCNT pellets produced from solution. For 
all samples the young’s modulus increased compared to the pure polymer. Two notable 
samples, 1 wt.% ar-MWCNT and 1 wt.% ac-MWCNT were examined due to their more 
applicable use in industrial processes. The young’s modulus of the 1 wt.% ar-MWCNT 
a) b)
c)
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improved by 31% and the ox-MWCNT by 22%. The elongation yield and elongation at 
break decreased by 7% and 36% for the ar-MWCNT sample but improved by 14% and 
decreased by 5% for the ox-MWCNT. Higher concentrations of ar-MWCNT improved 
the elongation yield and the 10 wt.% ar-MWCNT did not decrease as much for the 
elongation at break. Higher concentrations of ox-MWCNT also decreased for both 
elongation tests. PVP dispersal improved the elongation yield and break for the ar-
MWCNT as opposed to decreasing it for the ox-MWCNT samples. This is contrary to the 
stress yield and break in which the ox-MWCNT with PVP improved and the ar-MWCNT 
decreased drastically. The yield stress and stress at break for the 1 wt.% ar-MWCNT 
increased 3%  and decreased 7% where as the 1 wt.% ox-MWCNT increased 5% and 
13%.  The 1 wt.% air oxidized MWCNTs samples appear to have better overall property 
improvements such as a higher modulus, highest elongation yield and the elongation at 
breaking was retained. This is due to the incorporation of MWCNT as minimal levels as 
well as better dispersion the resulting transfer of properties (also compounded with the 
more functionalized surfaces). Air-oxidized MWCNTs are ideal for interactions with 
PVdF and DMF due to their surface chemistry, whereas for PA 11 a different 
functionality is required, which is a major reason for the property enhancement in the 
pellets. Treating the pellets production as a nanocomposite in which we prepare them the 
same way as we would electrospinning circumvents the bulk processing problems that are 
traditionally seen such as agglomeration. 
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Figure 4.15. Graphs of the modulus, elongation yield, elongation at break, stress yield 
and stress at break in which different concentrations of ar-MWCNTs (1, 5 and 10 wt.%), 
oxidized  MWCNTs (1 and 2.5 wt.%) and 1 wt.% ar- and ox-MWCNTs dispersed with 
PVP are compared as well as a reference sample of pure PVdF (Kynar 760).  
 
4.4. Polyamide Dissolution 
For electrospinning or other solution processing techniques, polyamide 11 had to be 
dissolved. Traditional solvents, m-cresol, are either poor solvents for electrospinning or 
too cost prohibitive and flammable in real applications, 1,1,1,3,3,3-hexafluoro-2-propanol 
( $3000/L). Despite the large number of solvent combinations tested, one hydrophilic 
(e.g. acetic, formic, nitric, sulfuric and hydrochloric acids), the other hydrophobic (e.g. 
tetrahydrofuran, dichlorobenzene, dichloromethane and toluene), only a combination of 
FA and DCM led to the dissolution of PA 11 pellets. 
Modulus Elong. Yield Elong. Break
Stress Yield Stress Break
Ref
AR
 1%
AR
 5%
AR
 10
%
Ox 
1%
Ox 
2.5
%
ArP
VP
 1%
OxP
VP
 1%
2.0
2.5
3.0
3.5
4.0
+31%
M
od
ul
us
 (G
P
a)
+22%
Ref
AR
 1%
AR
 5%
AR
 10
%
Ox 
1%
Ox 
2.5
%
ArP
VP
 1%
OxP
VP
 1%
10
12
14
16
-7%
+14%
El
on
g 
Yi
el
d 
(%
)
Ref
AR
 1%
AR
 5%
AR
 10
%
Ox 
1%
Ox 
2.5
%
ArP
VP
 1%
OxP
VP
 1%
10
15
20
25
-36%
-5%
E
lo
ng
 B
re
ak
 (%
)
Ref
AR
 1%
AR
 5%
AR
 10
%
Ox 
1%
Ox 
2.5
%
ArP
VP
 1%
OxP
VP
 1%
50
55
60
65
70
+3%
+5%
S
tre
ss
 Y
ie
ld
 (M
P
a)
Ref
AR
 1%
AR
 5%
AR
 10
%
Ox 
1%
Ox 
2.5
%
ArP
VP
 1%
OxP
VP
 1%
30
40
50
60
70
-7%
+13%
S
tre
ss
 B
re
ak
 (M
P
a)
 82 
 
4.4.1. Polyamide 11 
Figure 4.16 shows 3 vials containing FA and DCM at different volume ratios and the 
same amount of PA11 pellets. The vials were bath-sonicated for 45 min. The 1/3 
FA/DCM ratio leads to a cloudy suspension indicating a poor solubility. In the 3/1 ratio 
solution, the PA 11 pellets are almost unchanged, except some swelling. However, the 
1/1 ratio solution appears transparent and is stable over time, indicating a complete 
dissolution of the PA 11 pellets. Additional tests were performed on different Nylon® 
polymers to ensure that the observed dissolution was not specific to the Rilsan® 
polyamides. While Nylon® 6, 6/6, 6/9, 6/10, 6/12 and 6(3)T would dissolve in both pure 
FA and FA/DCM (1/1), Nylon 11 and 12 would only dissolve in FA/DCM (1/1). Since 
all the polyamides tested (Rilsan® and Nylon®) were successfully dissolved and given 
their significant structural differences, we conclude that the combination of FA and DCM 
could be a universal solvent for the whole polyamide family.  
 
 
Figure 4.16. Optical images of vials containing 4 mL FA/DCM at different volume ratios 
with PA 11 pellets (100 mg) after 45 min of sonication. Various formic acid (FA) and 
dichloromethane (DCM) mixtures were used to try to dissolve PA 11. From left to right is 
a 1:3 FA:DCM, 1:1 FA:DCM and a 3:1 FA:DCM mixtures. The 1:1 ratio shows 
incomplete dissolution, the 1:1 solution shows complete dissolution of PA 11 and the 3:1 
solution shows no dissolution. 
1/3 1/1 3/1
Floating 
pellets
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In order to understand better the dissolution mechanism, Nylon 6 has been dissolved in 
different volume ratios of FA/DCM. Interestingly, while pure FA to 3/2 (FA/DCM) 
volume ratio mixtures lead to rapid dissolution of the pellets, higher ratios (including 1/1) 
did not dissolve the pellets. Because the hydrocarbon chain is shorter in the case of Nylon 
6 compared to PA 11, a higher concentration of FA is needed. This result suggests that to 
maximize the solubility of polyamides, the DCM content should increase with the length 
of the hydrocarbon chains. Note that the Nylon 6 pellets dissolved faster in the 3/2 
(FA/DCM) solution than in pure FA, confirming the efficiency of this solvent. In this 
optimized solvent combination (1/1 ratio), it was possible to dissolve PA11 at a 
concentration as high as 20 wt.%. 
4.5. Electrospinning 
4.5.1. Polyvinylidene Fluoride 
Electrospinning of PVdF has previously been reported to have been carried out at 30 
wt.%. As shown in Figure 4.17, a 25 wt.% PVdF in DMF solution can be electrospun 
with many beaded structures present in the collected mats. By adding a small amount of 
TMAC (0.01 wt.% in solution), the fiber becomes more uniform at a 25 wt.% 
concentration due to the increased conductivity of the solution which promotes a strong 
stretching force and lead to a fiber diameter of ~300 nm. When the solution is reduced to 
20 wt.%, the nanofibers become much thinner, fiber diameter of ~70 nm. Below 20 wt.% 
the jet becomes unstable and the fiber again produces more beads than fiber. 
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Figure 4.17. SEM images of 25 wt.% PVdF  (left) and with minute additions of TMAC 
(right) solution electrospun nanofibers. Schematic of the structure of TMAC (middle) is 
shown.  
 
At 20 wt.%, MWCNT were added to the PVdF and TMAC solutions. As seen in Figure 
4.18, the diameter of the electrospun nanofibers remains consistently at ~ 70 nm even up 
to 2 wt.% of MWCNT in PVdF and even possess a more evenly distributed diameter than 
the lower concentrations of 0.5 and 1 wt.%, in which the amount of filler (MWCNT) is 
calculated by Equation 4.6.  
ݓ ൌ
௪೑
൫௪೑ା௪೛൯
    (4.6) 
Equation 4.6 shows the final weight of the filler in the polymer composite not the total 
electrospinning solution, where w is the weight percent, wf is the weight of the filler and 
wp is the weight of the polymer. As seen in Figure 4.19, an electrospun mat of 1 wt.% 
pure PVdF and MWCNT in PVdF shows a drastic color change due to the high loading 
of MWCNT into the polymer as well as the good dispersion throughout the fiber. At 
concentrations greater than 2 wt.% the fibers increase dramatically in diameter and T-
structures are formed in the fibers, indicating that percolation has already been achieved 
N+
Me
Me
Me Me
Cl‐
TMAC
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between 2 and 5 wt.%. To improve the distribution and average diameter, solutions 
containing less than 20 wt.% PVdF would be needed to reduce the solution. 
 
 
Figure 4.18. Graphs of the fiber distribution of electrospun PVdF nanofibers with varying 
amounts of MWCNTs (0.5, 1, 2 and 5 wt.%).  
 
 
Figure 4.19. Optical image of a 20 wt.% PVdF electrospun fiber mat and a similar mat 
with an inclusion of 1 wt.% MWCNTs. An obvious change in color can be seen even with 
a 1 wt.% addition.  
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Electrical resistance measurements were performed on the MWCNT-PVdF nanofibers 
using a two-probe technique, employing Ohm’s Law through Equation 4.7 
ܫ ൌ ௏
ோ
    (4.7) 
in which the resistance, R (Ohms) is calculated by rearranging Equation 4.7 to yield 
Equation 4.8,  
ܴ ൌ ௏
ூ
    (4.8) 
in which V is the potential difference (volts) and I is the current (amperes), but there was 
no measurable difference in the resistance between the neat polymer and the composite 
material. This is due to the polymer fully encapsulating the MWCNT and thus preventing 
a percolated network to form between individual fibers. Therefore a new method of 
MWCNT incorporation into electrospun polymer systems must be used to improve the 
conductivity in a reasonable manner. 
4.5.2. Electrospinning Polyamide 
PA 11 has been electrospun at concentrations from 2 wt.% to 5 wt.% using the 1/1 
volume ratio of solvents. Figure 4.20 shows two different mats of electrospun fibers 
obtained on a static plate and a rotating drum. The “pyramid” of fibers in Figure 4.20(a) 
was formed in 10 min. (10 cm working distance, 20 kV) and had a weight of 18.0 mg. 
Assuming that all fibers are ribbon-shaped, see Figure 4.21(b) and Figure 4.21(c), we can 
approximate their cross section by a rectangle of about 900 × 300 nm (Figure 4.21 and 
Table 4.1). Given the density of PA 11 (1.05 g/cc), we find that the “pyramid” contains 
about 70 km of fibers, that were formed at a velocity of about 110 m/s. Figure 4.20(b) 
shows the same solution electrospun on a rotating drum (20 m/min). A mat of 20 × 30 cm 
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was formed with a dense and thick coverage in 1 hour. This high electrospinning velocity 
increases the potentials for commercial applications. 
 
 
Figure 4.20. PA11 electrospun nanofiber mats of 5 wt.% in FA/DCM (1/1vol); 
electrospinning performed (A) on a static collection plate for 10 min.; the total fibers’ 
length is about 70 km and (B) on a rotating drum for 1h (total surface covered: 20x30 cm 
Al foil) showing fiber collection on the aluminium foil. Other fibers, dangling off the 
aluminium foil, allow the fiber mat to be observed. 
 
Table 4.1. Average width of fibers and ribbons at various concentrations with 
accompanying statistics. 
 
Covered 
Al foil
10 min.
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SEM images of 2 to 5wt% PA11 solutions are shown in Figure 4.22. While low 
concentrations (< 2 wt.%,) did not produce continuous fibers, the 2 wt.% solution, Figure 
4.21(a) produced small (~ 130 nm) cylindrical fibers, the shape generally observed with 
electrospinning. By increasing the polymer concentration to 5 wt.%, Figure 4.21(b) and 
Figure 4.21(c), the apparent diameter increased to ~ 1 μm and a large proportion of 
electrospun fibers were ribbon-shaped. A 10 wt.% solution was also tested and led to 
mostly ribbons but the variation in width was too large to accurately measure the average 
diameter (ribbons from 2 to 20 μm were obtained). Figure 4.21(c) shows ribbons as well 
as branching and web-like structures. Note that some ribbons possess lines (ridges) that 
run parallel to the length of the fiber. This effect is explained by the fast evaporation of 
the solvent during the electrospinning process, leading to the formation of a solid skin 
that shrinks and collapses upon the evaporation of the remaining solvent 220, 221. This 
effect, as seen in the schematic in Figure 4.21(d), is also responsible for the formation of 
the ribbons. First, circular fibers are formed (left). Then, due to the fast solvent 
evaporation, a solid skin is formed, which traps the solvent inside the fiber. The resulting 
slow evaporation leads the structure to collapse and form ribbon (middle and right).  
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Figure 4.21. SEM images of electrospun PA11 fibers of (A) 2 wt.% (cylindrical shape), (B 
and C) 5 wt.% (ribbon shape with ridges), and (D) a schematic of the ribbon formation 
mechanism (after Koombhongse et. al.222). 
 
Branching observed in Figure 4.21(c) is due to instabilities of the electrospinning jet.220 
The splitting of the ribbons into nanoweb, as seen in Figure 4.21(c), was probably due to 
the fast phase separation between polymer and solvent, the solvent rich regions being 
apparently transformed into pores.223 
The diameter (width) of fibers electrospun at 1 kV/cm (10 cm distance between the 
needle and the collection plate) at varying concentrations was estimated from SEM 
4μm
C D
1μm
A
4μm
B
290 nm
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images and can be seen in Figure 4.22. A clear linear trend (on a log scale) can be 
observed. This increase in average diameter is common as the concentration increases.224, 
225 However, in the case of biaxial fibers like ribbons, the diameter measurements are also 
influenced by the tilt angle of the ribbons. This is the reason why only the largest visible 
width of the fibers was recorded. The results, obtained from no less than 100 fibers per 
sample, are compiled in Table 4.1.  
 
Figure 4.22. Average diameter (width) of electrospun fibers and ribbons vs. polymer 
concentration. 
 
To check if the electrospinning changed the polymer structure, the as-received PA 11 
pellets and electrospun fibers were compared using Raman spectroscopy. As seen in 
Figure 4.23, the pellets exhibit peaks at 1108 cm-1 and 1122 cm-1 corresponding to the 
trans C-C symmetric stretching in the polymer chain of the γ conformation 226. The 
contribution at ~1630 cm-1 comes from the amide I peak (C=O vibrations) and the 
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contribution at ~1300 cm-1 comes from the amide III peak (C=N/C=O vibrations). The 
electrospun fibers exhibit weak or no signal from the trans-amide conformation (1310-
1350 cm-1 and 1440-1490 cm-1), indicating that the amide region is in a gauche 
conformation. The trans-hydrocarbon and gauche-amide conformations suggests a non-
planar conformation 226. No significant difference was found between the Raman spectra 
of bulk and electrospun PA 11, indicating that they have the same chain conformation 226. 
Note however that the more intense and narrow peaks in the electrospun sample (ES) at 
1108 and 1122 cm-1 indicate a higher crystallinity of the fibers.  
 
 
Figure 4.23. Raman spectra of PA 11 fibers and pellets. 
 
To show that the proposed solvent may have a wide usage and is not unique for PA 11, 
we applied the same protocol to PA 12, which was dissolved in the same solvent mixture 
ratio and electrospun at concentrations of 1 to 3 wt.%. At low concentrations, the 
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polymer was not forming continuous fibers. A 2.5 wt.% (Figure 4.24) solution of PA 12 
was electrospun into ribbon-shaped fibers. Raman spectra, seen in Figure 4.25, shows a 
higher crystallinity of the electrospun fibers compared to pellets, similar to the case of PA 
11 (Figure 4.23). The similarities are drawn between PA11 and PA12 to demonstrate that 
FA/DCM is an efficient solvent for polyamides and is suitable for large-scale production 
of nano and microfibers due to the economics of a less expensive solvent.  
 
 
Figure 4.24. SEM image of a PA 12 fiber from a 2.5 wt.% solution. 
 
 
2 μm
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Figure 4.25. Raman spectra of PA 12 fibers and pellets. 
 
Aligned fibers of PA 11 have also been produced as shown in Figure 4.26(a) by using 
parallel electrodes, in this case two aluminum foil covered rods with about an inch of 
separation between the two. SEM images are shown in Figure 4.27(b) and Figure 4.26(c) 
in which the alignment can be seen in the individual fibers. These fibers have further 
been rolled into filaments are would be ideal candidates to attempt to make conducting 
wires by using self-assembly of CNTs. 
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Figure 4.26. Optical image of the deposition of aligned PA 11 between two parallel 
aluminum foil electrodes (a) and SEM images of the aligned PA 11 electrospun 
nanofibers (b and c).  
 
4.6. Carbon Nanotube Self-Assembly on Bulk Polyamide 
Self-assembling CNTs onto bulk polyamide 11, such as preformed pellets or powders, 
allows for nanotube inclusion into polymers will be traditionally processed by techniques 
such as extrusion. By self-assembling the CNTs, the bulk materials will increase in 
electrically conductivity thus preventing static charging between particles and allowing 
for easier flow past each other. Unlike the self-assembly on the PAN fibers, the acid 
treated CNTs cannot self-assemble using electrostatic bonding due to no surface charge 
a) b)
c)
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on the polyamide 11. This leads one to believe that another phenomenon is responsible 
for supporting self-assembly. Although van der Waals bonding could occur, the shorter 
distance required for van der Waals interactions restricts its effectiveness and should not 
cause the majority of bonds between the polymer and the CNTs. Since the CNTs have a 
hydrogen containing group (COOH) on the surface and PA 11 has an amide group, it is 
probable that hydrogen bonding was responsible for the self-assembly. PA 11 will for 
strong hydrogen bonds between neighboring polymer chains so it is reasonable to expect 
PA 11 to form hydrogen bonds with the carbon nanotubes. This process can be seen in 
Figure 4.27 in which the COOH functionalized CNTs should hydrogen bond on the PA 
11 nanofiber surface. 
  
 
Figure 4.27. Diagram of the self-assembly process in which the COOH groups on the 
surface of the acid treated carbon nanotubes will hydrogen bond with the amide group in 
the PA 11 fibers producing a self-assembled layer of CNTs on the nanofibers.  
 
4.6.1. Polyamide Pellets 
PA 11 pellets (BESVOA) was shown to accept ac-MWCNT by self-assembly The 
MWCNT assembly on the pellets. It was measured that the loading of the ac-MWCNT on 
to the surface of the PA 11 pellets was ~0.002 wt.%, enough to dampen the electrostatic 
interactions between the pellets themselves. As seen in Figure 4.28(a), the pellets are 
HNO3
and 
H2SO4
MWCNT ac‐MWCNT
COOH
COOH
COOH
COOH
COOH
+ PA 11
 96 
 
attracted to one another and the walls of the vial they are stored in by electrostatic forces, 
whereas the pellets coated with ac-MWCNT easily repel each other as well as the vial 
walls due to increased electrical conductivity bestowed by the CNTs which allows for the 
electrostatic charge to dissipate. This improvement from electrostatic attraction to 
electrostatic dissipative is very beneficial for many applications in which a spark could 
cause unwanted reactions (such as gas lines) and for long term storage of the particles 
and can be achieved at relatively negligable additions of the ac-MWCNTs. 
 
 
Figure 4.28. Vials of PA 11 pellets (a) showing electrostatic attraction to each other and 
the vial wall (left) and pellets coated with ac-MWCNT in which the conductivity is 
increased enough to dissipate electrostatic charging and prevent static attraction (right). 
Vials containing PA 11 pellets (b) subjected to various concentrations of ac-MWCNT 
solutions showing a large uptake of ac-MWCNT as the color of the pellets becomes 
darker, at higher concentration (top) and the same pellets after washing to remove 
excess ac-MWCNT, where a darker color is still present at higher concentrations of ac-
MWCNT.  
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Pellets were exposed to various concentrations of ac-MWCNTs (0, 20, 40 and 400 
mg/L) as seen in Figure 4.28(b). As the concentration increases for the ac-MWCNT 
solution, the darker the pellets become, showing increased self-assembly on the PA 11 
surface. After washing the pellets, there is a loss of excess ac-MWCNT but some self-
assembled ac-MWCNTs are retained as seen by the color change in the pellets. These 
pellets can be further processed by various techniques used in industry.  
 
4.6.2. Polyamide Powder 
Coating was also performed on PA 11 powders, ranging in average grain size from 30 
to 150 µm and the effects of solution concentration, powder particle size and deposition 
time where also evaluated. Figure 4.29(a) - Figure 4.29(c) show the coated powder with a 
dense coverage of ac-MWCNTs on the grains.  As seen in Figure 4.29(c), the powders’ 
color is changing when immersed in the ac-MWCNTs solution. The greater the 
concentration of ac-MWCNTs in DMF, the darker the powder becomes, meaning the 
higher the loading should be.  
 
 
Figure 4.29. Image of PA 11 powder coated at different concentrations of ac-MWCNT 
(a).  SEM image of PA 11 powder coated with ac-MWCNT for 24 hours at a 
concentration of 0.4 g/L (b). High resolution SEM image of the ac-MWCNT coating the 
PA 11 powder, 5 hours at a 0.8 g/L concentration (c).  
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Another factor in the coverage of PA 11 powders is the effect of particle size. The 
smaller the grain size the more efficient the coverage due to a higher specific surface area 
(as seen in the SEM images of Figure 4.30, in which the general trend of the different 
powders used in represented),  also leading to a higher concentration of ac-MWCNTs on 
the surface as shown by the amount of ac-MWCNT remaining in solution after the self-
assembly process as seen in Figure 4.31 (where both a known and equal weight of D150 
powder and D30 powder were immersed in the ac-MWCNT for an hour and then filtered 
to remove the un-assembled ac-MWCNT). The D150 (grain size = 150 μm) sample is 
estimated to have a maximum loading of 0.05 wt%, whereas the D30 (grain size = 30 
μm) powder has an estimated loading of 0.6 wt% (theoretical calculation, assuming a 
spherical shape of the grains) due to the increasing surface area exposed due to smaller 
grain size and is shown to absorb. Figure 4.32 shows SEM images of D150 and D30 
powders coated with ac-MWCNT. It is also shown that even at higher concentrations of 
ac-MWCNT the CNTs do not agglomerate , thus allowing for a higher density of CNTs 
to form a network on the surface without bundling negatively affecting the conductivity. 
 
 
Figure 4.30. SEM images of ac-MWCNT coated PA 11 powder samples in increasing 
surface areas available for coverage, thus a higher ac-MWCNT loading can be obtained. 
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Figure 4.31. Optical images of PA 11 powders of different grain sizes, D150 (left) and 
D30 (right) with the corresponding remnants of the ac-MWCNT solution (2 g/L) that was 
not self-assembled on the powder. The calculated loading is 0.05 wt.% for the D150 
powder and 0.6 wt.% for the D30 powder. 
 
 
Figure 4.32. SEM images of a) PA 11 powder particle (D150) sparsely coated with ac-
MWCNT using a 0.4 g/L concentration (1 hour of powder exposure to the CNT solution) 
and b) a smaller particle (D30) in which cluster of MWCNT are formed using a 2 g/L 
concentration (1 hour of powder exposure to the CNT solution) but remain dispersed 
thus improving the CNT network. 
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The exposure time of the PA 11 powder to the ac-MWCNT solution was studied to 
determine if longer exposure times resulted in a more dense coverage and higher loading 
of CNTs or if short times could be used in an equally effective manner. It is shown in 
Figure 4.33 that the powder does not appreciably darken, a sign of more ac-MWCNT 
self-assembling on the powder surface, after 24 hours in the ac-MWCNT solution than 
does the PA 11 powder that was subjected to only an hour.  
 
Figure 4.33. Optical image showing PA 11 powder coated with self-assembled ac-
MWCNT for 1 hour (left) and 24 hours (right). There is no obvious difference in longer 
deposition times due to the fast uptake of the ac-MWCNT during self-assembly. 
 
Similar to the pellet samples, the powder was rinsed showing very little removal of ac-
MWCNT from the polymer due to the greater accessible surface of the powder as 
compared to the pellets., the powder retains a large majority of ac-MWCNT that are most 
strongly hydrogen bonded to the surface. The D80 sample (grain size = 80 μm) is shown 
to increase the uptake of ac-MWCNT via the hydrogen bonding assisted self-assembly 
process. The D80 sample exposed to the 0.80 mg/L sample was calculated to have ~0.15 
wt.%  ac-MWCNT. A simple cost addition analysis was perform based on assumed 
values for PA 11 ($10/lb) and ac-MWCNT ($500/lb)showing that the incorporation of ac-
1h 24h
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MWCNT to D150 powders (at 0.05 wt.% ac-MWCNT) increases the cost per pound by 
$0.25 to $10.25/lb, whereas D80 (0.15 wt.% ac-MWCNT) is $10.75/lb and the D30 (0.6 
wt.% ac-MWCNT) is $13/lb. Since self-assembly is a relatively fast procedure extended 
periods of time were not expected to improve the deposition of MWCNT on the surface. 
Rather, subsequent depositions with unexposed CNT solution is required because the ac-
MWCNT that were not directly in contact with the PA 11 surface were shown to 
agglomerate and not self-assemble. This result implies that there is a maximum efficient 
concentration to facilitate the accumulation of a majority of the ac-MWCNT as well as a 
corresponding time for uptake to occur, after which if all the possible self-assembly sites 
are not used, further depositions could be used to promote continued self-assembly. 
4.6.3. Melt Pressing 
Melt-pressing, as seen in Figure 4.34 was used to practically apply the coated powders 
and process them using a commercial method. Using 50 MPa and a temperature of ~180, 
the powders should compact into a conductive continuous sheet as seen in Figure 4.34(a). 
Translucent sheets were produced from pure PA 11 pellets, as seen in Figure 4.34(b, left) 
and black sheets, as seen in Figure 4.34(b, right), resulted from the incorporation of ac-
MWCNT on the surface of PA 11 powders. Resistance measurements were too high to 
show any improvement in electrical conductivity. This is primarily due to polymer 
encapsulation of the ac-MWCNT in which the polymer melting and subsequent coating 
of the ac-MWCNT with a non-conductive polymer isolates them from other CNTs. 
Isolation of the CNTs disrupts the CNT network. Encapsulation of the CNTs is a major 
problem in most bulk processing techniques. A lower temperature may be required to 
make the polymer mobile but not enough so that the CNT become encased and shield 
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from one another. Further heat treatments or plasma etching may prove more useful in 
which the polymer could be removed and a layer of MWCNTs would remain, thus 
harnessing their intrinsic electrical conductivity. On the other hand, coated nanofibers 
could provide a conducting network when placed in a laminate composite or on the 
surface of another material.  
 
 
Figure 4.34. Schematic showing ac-MWCNT coated powder pressed into a sheet (a) 
and an optical image of a translucent melt-pressed sheet of pure PA 11 and one with ac-
MWCNT self-assembled on the PA 11 powder surface causing the sheet to become 
black (b). 
 
Films produced by melt pressing were studied for their wetability. Increasing the ac-
MWCNT concentration from 0 mg/L (pure PA 11 melt pressed film) to 400 mg/L ac-
MWCNT decreased the contact angle from 96.0° ± 1.0° to 50.4° ±1.4° as seen in Figure 
4.35. The decrease in contact angle represents a change from hydrophobic nature of the 
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pure PA 11 melt pressed film to that of a hydrophilic nature. Thus the addition of minute 
amounts of ac-MWCNT improves the wetability of the PA 11 films. 
 
 
 
Figure 4.35. Optical images (top) of melted pressed sheets of PA 11 powder using 
various concentrations (pure PA 11, 80 mg/L and 400 mg/L) and (bottom) the 
corresponding contact angle measurements of the sheets. 
 
4.7. Carbon Nanotube Self-Assembly on Nanofibers 
Electrically conducting MWCNTs coatings with roughness on the scale of 50-100 nm 
on the surface of polymer panels may be a convenient approach to enable electrospraying 
of paint on their surfaces, which is very important for automotive and other industries. 
This approach may also be used to produce both electrically conducting transparent 
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nanotube thin films and electron-emitting nanotube films on a variety of substrates for 
flat-panel displays and other electronic applications.  
4.7.1. Polyacrylonitrile 
4.7.1.1. Polyacrylonitrile Nanofibers 
As seen in Figure 4.36, the surface of PAN has COO-groups similar to those on the 
CNTs. By treating PAN nanofibers with PDDAC and creating a positively charged 
surface, the nanofibers are electrostatically attracted to the negatively charged CNTs. The 
use of electrostatic forces can be harnessed to promote self-assembly along the surface of 
the fibers. Figure 4.37(a) shows 20 ml vials containing ac-MWCNTs before and after 
immersion of the PDDAC-coated nanofiber mat. The vial on the left demonstrates that 
the oxidation treatment is efficient in improving the MWCNTs solubility227, giving a well 
dispersed, black nanotube solution. This solution was stable over time (it remained black 
for over two months with only little sedimentation) showing an efficient dispersion of the 
MWCNTs due to COOH groups.228  However, after 30 min of immersion of the PDDAC-
coated PAN mats (vial on the right), the solution turns as clear as water and the mats turn 
from white to grey. This is a result of the positive charge of the PDDAC coated PAN 
nanofibers promoting electrostatic self-assembly with the negatively charged COOH- 
functionalized MWCNTs. After a second deposition layer, the mats become black (not 
shown here). This proves the efficient grafting of MWCNTs onto the nanofibers. To 
further investigate the self-assembly process, SEM studies were performed on PAN 
nanofibers before, Figure 4.37(b), and after 2 deposition cycles, Figure 4.37(c). TEM 
studies were performed on 2 depositions on PAN fibers as seen in Figure 4.37(d). By 
using Equation 4.3, Ohm’s Law and rearranging to yield Equation 4.9 
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ߩ ൌ ܴ ௟
஺
    (4.9) 
the resistivity, ρ (Ω/m) can be calculated in which R is the resistance (Ohm’s), l is the 
length of the sample (meters) and A is the cross sectional area of the material (m2). 
 The conductivity is obtained from the inverse of the resistivity as seen in Equation 4.10  
ߪ ൌ ଵ
ఘ
    (4.10) 
where  σ is the electrical conductivity (S/m) measured in siemens (1/Ω) per meter (m). 
The measured conductivity was 100 S/m for the coated PAN fibers only an order of 
magnitude lower than the powder (3000 S/m). From SEM and TEM images, it can be 
seen that the density of the MWCNTs coating is high with a uniform coverage. The mats 
remain completely black and the solution completely transparent even after sonication in 
DI water for 1 h or mechanical stirring in DMF (50°C) for 4 days, suggesting a strong 
bonding between the MWCNTs and the nanofibers. 
 
Figure 4.36. Diagram showing the self-assembly process of MWCNT on PAN 
nanofibers. After functionalization, both PAN and MWCNT become negatively charged. 
PDDAC, a positively charged polyelectrolyte is used to attach MWCNT (black layer) to 
the surface of PAN nanofibers.  
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Figure 4.37. A vial showing (left) HNO3 and H2SO4-oxidized MWCNT in water and 
(right) the same vial after immersion of a PDDAC-coated PAN nanofiber mat (a). SEM 
image (b) of electrospun PAN fibers. SEM (c) and TEM (d) images of MWCNTs-coated 
PAN fibers produced by 2 deposition cycles. Note a high density and uniformity of the 
MWCNTs layers on the fibers. 
 
4.7.2.  Polyacrylonitrile Nanofibers on Silicon Carbide 
We have applied the same method to a carbon-coated silicon carbide fiber of 140 μm in 
diameter (SCS-6) as shown in Figure 4.38(a). The SCS-6 fibers were heat treated to 
expose a pristine surface and then coated with PAN nanofibers. The PAN fibers were 
again coated with PDDAC for electrostatic self-assembly. The density of nanotubes on 
the fiber’s surface is significantly higher than the one sufficient to achieve percolation 
and high electrical conductivity 17.  As seen in Figure 4.38(b) and Figure 4.38(c), the ac-
MWCNTs form a network structure creating many interconnects and ultimately 
increasing the conductivity, thus showing that nanofibers can act as a coating material on 
different surfaces and surface geometries. 
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Figure 4.38. SEM images of ac-MWCNT-coated SCS6 fiber produced by LLD showing 
the whole diameter of the fiber (a), dense coverage (b) and disperse ac-MWCNTs on the 
surface of the SCS6 fiber (c). 
 
4.7.3. Polyamide 11 Nanofibers 
Electrospun PA 11 nanofibers were produced using 2 and 4 wt.% solutions. 2 wt.% 
solutions produced thinner fibers than the 4 wt.% as is typically seen in literature. 4 wt.% 
fibers were easier to handle and more robust, making them good candidates for self-
assembly using inverted cover slides coated in nanofibers placed on the ac-CNT solution 
on a glass microscope slide. Acid functionalized CNTs (ac-CNTs) were deposited onto 
the electrospun fiber mats to create a conducting 2-D network on the fibers with a low 
surface coverage using hydrogen bonding between the carboxylic groups on the CNTs on 
the surface. This surface assembly technique differs from more tradition casting of spin 
coating techniques which typically lead to high percolation thresholds. However, the use 
of self-assembly on the surface allows for a percolated structure to be produce using 
small amounts of ac-CNTs. The self-assembly process allows for all fibers to be coated 
after subsequent depositions thus creating a homogenous distribution of ac-CNTs that 
form a conductive network. 
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4.8. Polyamide 11 Electrospun Thin Films 
Thin films of polyamide 11 were produced using the electrospinning technique to 
deposit thin layers of fibers randomly onto glass cover slides. Post treatments were 
evaluated to reduce the light scattering caused by the surface roughness due to the many 
facets of the electrospun nanofibers. Reducing the light scattering improves the optical 
transmission, which makes the films more applicable for solar cells, LCD devices and 
others in which optical transmission is important. The films will also be tested to observe 
the effects on sheet resistance due to the post treatments. Sheet resistance, Rs, is 
calculated by measuring the resistance and from Equation 4.9 we obtain Equation 4.11 
ܴ ൌ ߩ ௅
஺
    (4.11) 
which can also be written as Equation 4.12 where the cross sectional area (m2), A, is 
written as a product of the width of the sample (m), w, and the sample thickness (m), t. 
ܴ ൌ ߩ ௅
௪௧
    (4.12) 
Rearranging Equation 4.12 into the form of Equation 4.13, the L/w term is isolated. 
ܴ ൌ ఘ
௧
௅
௪
    (4.13) 
Since the glass substrate being used is 2.2 cm x 2.2 cm the L/w term Æ 1 (because 
L=w) and thus we can express the sheet resistance in the terms of a square (sq.). Another 
result from Equation 4.9 is seen in Equation 4.14,  
ܴ ൌ ܴ௦
௅
௪
    (4.14) 
where the sheet resistance, Rs is introduced. Setting Equations 4.9 and 4.10 equal to each 
other yields Equation 4.15. 
ܴ ൌ ఘ
௧
ൌ  ܴ௦    (4.15) 
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Treatments will include solvent evaporation, epoxy infiltration, fusing, and annealing. 
Results from fusing and annealing the films will be explained and is the main focus, 
while the other methods may be advantageous in certain circumstances.  
As seen in Figure 4.39 the scattering is improved by performing various treatments 
when compared to the as-spun, as seen in Figure 4.39(a), and deposited ac-MWCNT 
films, as seen in Figure 4.39(b). Infiltrating the mat (2 wt.% with 5 depositions) with an 
epoxy resin, Figure 4.39(c) improved the transmission but had too high of an electrical 
resistance to be used for further testing (4 MΩ/sq. as compared to the same film having 
450 kΩ/sq.). This increase in an order of magnitude in resistance is not desirable and 
therefore not a method for continued study. The use of a solvent, Figure 4.39(d), the same 
formic acid and dichloromethane as was used to dissolve the PA 11 pellets was used to 
dissolve the electrospun fibers. This method does improve the transmission but is also 
very wasteful and creates a hazard with the vapors and is comparable to the annealing 
process which only uses heat and is thus better environmentally and more cost effective.  
 
 
Figure 4.39. Optical image of various post treatments on the electrospun polyamide 
nanofiber coatings: As-spun PA 11 (a), the as-deposited ac-MWCNT using 5 depositions 
(b), infiltrated sample (c), solvent evaporation (d) and high temperature annealing (e). 
The post treatment were used to improve the transmission of the sample by reducing the 
scattering caused by the many facets of the nanofiber surfaces. 
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Two techniques have been indentified that would increase the transmission of the fiber 
and maintain high electrical conductivity; fusing the fiber and physically removing the 
fibers by an annealing procedure. As seen in Figure 4.40, a cross sectional view of the 
substrate with the polymer fibers and then the ac-MWCNT on top of the nanofibers of the 
as-deposited film (a), the films after fusing (b) in which the films are reduced in thickness 
as they cover the flowing polymer fills in the voids, and complete removal of the polymer 
(c) in the annealed samples. The transmission is reduced as more fibers are spun due to 
the fiber diameter and inter-fiber distance because they are on the same order as the 
wavelength of visible light. Both if these techniques use heat. Fusing requires a 
temperature around 120°C to fuse the nanofibers and cause them to flow and cover the 
glass uniformally, to produce transparent coatings as seen in Figure 4.41, while 
annealing, as seen in Figure 4.39(e) at 450°C (above the decomposition temperature for 
PA 11) for 30 minutes decomposes the PA 11 nanofibers and provides complete polymer 
removal. Both of these techniques vastly improve the transmission by reducing or 
eliminating the inter-fiber distance and changing the fiber diameter so that is does not 
interact with the incident light, while maintaining the CNT network. Preserving the CNT 
network, as seen in Figure 4.42(b) in which the ac-MWCNT network is still shown to 
resemble that of the deposited one in Figure 4.42(a), allows for the electrical resistivity to 
remain low and makes these techniques viable for improving the films and ultimately 
allows for large scale manufacturing of thin films produced by electrospun nanofiber 
deposition. 
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Figure 4.40. Diagram showing the as-deposited acid treated carbon nanotubes on the 
polymer nanofibers spun on a glass substrate in the as-deposited state (a), after 
softening in which the polymer layer is reduced in thickness due to spreading and filling 
in the pores between the as-spun nanofibers (b) and a pure CNT film on the glass 
substrate after the polymer nanofibers have been removed by the annealing process (c). 
 
 
Figure 4.41. Image of a glass slide coated with fibers from a 2 wt.% solution (130 nm 
average diameter) electrospun for 10 minutes with 10 MWCNT depositions and fused. 
The thickness of the film is 100 nm, with T = 85 % and Rs = 176 kΩ/sq. 
Softened AnnealedAs‐Deposited
a) b) c)
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Figure 4.42. SEM images of PA11 fiber mats after 5 MWNCT depositions. Nanofiber 
produced from a 2 wt.% solution electrospun for 10 min. (a) and  3 wt.% mat fused (b).  
 
4.8.1. 2 wt.% Fiber Films 
Electrospun fiber mats were produced from PA 11 because of the thin fiber diameter 
reported previously to be ~130 nm as compared to the 3 and 4 wt.% fibers with a 
diameter of ~260 and ~540nm, respectivily.229 the initial study of the 2 wt.% PA 11 
nanofibers consisted of testing various parameters: electrospinning time, number of 
MWCNT depositions and then the fiber diameter (2, 3 and 5 wt.% PA 11 fibers). The 
resulting films were measured for their thickness, sheet resistance and transmission. The 
conductivity was then calculated from the resistance. 
4.8.1.1. Electrospinning Time 
As seen in Figure 4.43(a) the sheet resistances (kΩ/sq.) and transmission at 550 nm (%) 
is plotted versus electrospinning time (min). The 2 wt.% PA 11 nanofibers were coated 
with 5 depositions of ac-MWCNT were shown to have a decreasing sheet resistance as 
the electrospinning time, as seen in Table 4.2, from 867 to 407 kΩ/sq. when the 
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electrospinning time is doubled from 5 to 10 minutes. A slight increase from 407 to 442 
kΩ/sq. was reported when the electrospinning time was again doubled to 20 minutes form 
10 minutes. By increasing the electrospinning time from 20 minutes to 40 minutes 
decreased the sheet resistance from 442 to 124 kΩ/sq. and then to 60 kΩ/sq. at 120 
minutes. Although the sheet resistance is shown to decrease the specific conductivity is 
dependent upon the thickness of the films and coatings. The specific conductivity 
increases from 10.5 to 22.3 to 29.4 to 104.7 S/m as the time is increased from 5 to 10 to 
20 to 40 minutes and the corresponding thickness was 100 nm from the 5 and 10 minute 
coatings and 70 nm from the 20 and 40 minute coatings, as calculated from Equation 4.16 
ܴ௦ ൌ
ఘ
௧
ฺ ܴ௦ݐ ൌ ߩ    (4.16) 
and remembering that the conductivity, σ, is equal to the inverse of the resistivity so the 
conductivity is a result of Equation 4.17.  
ߪ ൌ ଵ
ோೞ௧
    (4.17) 
This decrease in thickness is probably due to the weight of the additional fibers 
pressing down on the earlier fibers causing them to more efficiently redistribute to 
account for the extra weight. Coatings spun at 5 and 10 minutes still have not reached a 
threshold in which the fibers have occupied all of the space, only the inter-fiber diameter 
is decreased and thus the density of the mat increases. After 120 minutes of 
electrospinning the fiber mats have a thickness of 1300 nm and a specific conductivity of 
11.7 S/m results in a significant decrease in the conductivity because of the mat thickness 
and filter-like structure prevent the ac-MWCNTs from penetrating through the entire 
thickness. More depositions would be required to thoroughly penetrate thicker mats.  
 114 
 
 
Table 4.2. Electrical and optical properties of nanofiber mats from the 2 wt.% PA11 
solution coated with 5 MWCNTs depositions as a function of electrospinning time. 
 
 
Figure 4.43. Graphs of the electrical resistance (a) and transmittance (b) of the as-
deposited and fused films as a function of electrospinning time. All samples were coated 
with 5 depositions of MWCNTs. The nanofibers were obtained from a 2 wt.% polyamide 
solution (130 nm average diameter). Lines are used to show a general trend. 
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(S m-1) 
Transmission 
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5 100 867 10.5 87 
10 100 407 22.3 77 
20 70 442 29.4 72 
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120 1300 60 11.7 0.3 
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The transmission of the 2 wt.% PA 11 films coated with 5 depositions of ac-MWCNT 
is shown in Figure 4.43(b) and numerical values can be seen in Table 4.2. The 
transmission decreases linearly with an increase in electrospinning time form 5 minutes 
to 120 minutes. The transmission at 5 minutes is ~87% and as more fibers are deposited, 
the scattering effect dominates and then the thickness of 1300 nm, from electrospinning 
for 120 minutes, prevents decreases the transmission of light to 0.3%. 
To improve the transmission a post-treatment of ~120°C was applied to the coatings to 
create thin films that are more transparent. There is generally an increase in resistance but 
it is offset by huge gains in transmission. The effect is greatest at the longest 
electrospinning time (120 minutes) where the conductivity decreased by 2 orders of 
magnitude (11.7 s/m for the as-deposited sample compared to 0.1 S/m for the fused 
sample) but the transmission improves to T = 73% after melting, 2 order of magnitude 
increase (from T = 0.3%).  The other samples also exhibited decreases in conductivity 
from the as-deposited coating to the fused film, respectively: 104.7 S/m to 9 S/m for the 
40 minute samples (91.4% decrease), 29.4 S/m to 9.8 S/m for the 20 minute sample 
(66.7% decrease), 22.3 S/m to 15.7 S/m for the 10 minute sample (29.6% decrease), and 
10.5 S/m to 0.3 S/m for the 5 minute sample (97.1% decrease) as seen in Table 4.2 and 
Figure 4.43(a). All of the decreases in conductivity are an order of magnitude or less, in 
the best case for the 10 minute sample a loss of only 30% was observed, probably due to 
an optimal fiber configuration where there is not an overabundance of polymer which 
leads to a higher probability of CNT network disruption (pushing) and not too little 
polymer causing the wetting action of the polymer spreading to pull the CNTs from the 
network. The transmission of the fused films remained statistically constant T = 87% for 
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the as-deposited coating and T= 89% for the melted film of the 5 minute sample as seen 
in Table 4.2 and Figure 4.43(b). The 10 minute sample showed an increase in 
transmission from T = 74.2% to T = 82.5% (11% increase). An increase of 20% was 
observed for he the 20 minute sample (T = 86.8% for the fused film, up from T = 72.5% 
for the as-deposited coating). At an electrospinning time of 40 minutes the as-deposited 
sample had a transmission of T = 60.15 and increased to T = 78.2% (an increase of 30%) 
for the fused film.  Fusing of the fibers into a film decreases scattering due to the 
disappearance of the nanofibers but can cause the polymer chains to separate due to 
polymer nanofiber fusing and cause shifts in the ac-CNT network and slightly disrupt the 
conductive CNT network.  After 10 minutes of electrospinning the sheet resistance can be 
reduced by fusing and the transmission can be increased. Because of the apparent 
minimum sheet resistance for fused samples and improved transmission, electrospinning 
was performed for 10 minutes to evaluate the number of depositions and the polymer 
concentration.  
4.8.1.2. MWCNT Depositions 
While holding the electrospinning time constant, the 2 wt.% PA 11 was electrospun 
and then ac-MWCNT were self-assembled using 1, 3, 5, 7 and 10 depositions using a 
concentration of 0.1 g/L. As seen in Figure 4.44, the sheet resistance (a) and transmission 
(b) is evaluated versus the number of MWCNT depositions. The numerical data can be 
seen in the corresponding table, Table 4.3. The as-deposited samples show an 
improvement in sheet resistance as the number of depositions increases to 10. A single 
deposition of ac-MWCNT does not change the sheet resistance as compared to the as-
spun nanofiber coating. By increasing the depositions the sheet resistance decreases from 
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5335 kΩ/sq. to 448 kΩ/sq. to 239 kΩ/sq. and final to 154 kΩ/sq. for 3, 5, 7 and 10 
depositions respectively. The sheet resistance is shown to decrease by over 2 orders of 
magnitude by increasing the number of depositions from 3 to 10 due to a higher surface 
coverage from the greater number of CNT depositions. Using the measured thickness of 
the films 50, 100, 80 and 80 nm for the films with 3, 5, 7 and 10 depositions the 
conductivity was calculated. The conductivity was increased from 3.7 S/m for the coating 
with 3 depositions to 22.3 S/m for the coating with 5 depositions. At 7 depositions the 
coatings conductivity increases to 52.4 S/m and then finally to 81.2 S/m for a coating 
with 10 ac-MWCNT depositions. Once the coatings were melted using ~120°C, the 
resistance is shown to decrease as seen in Figure 4.44(a) and Table 4.3, but only slightly 
and at 10 depositions it is nearly identical due to the low concentration of polymer on the 
substrate which has little effect when melted unlike those with longer electrospinning 
times (i.e. 120 minutes). A 10 minute electrospun sample with 3 depositions decreases in 
conductivity from 3.7 S/m to 2 s/m when melted into a film (45.9% decrease). At 5 
depositions a similar coating’s conductivity decreases from 22.3 S/m to 15.7 S/m when 
melted (29.6% decrease). After 7 ac-MWCNT depositions the PA 11 coating decreases 
from 52.4 s/m to 36.7 S/m when melted (30% decrease). A 12.6% decrease in 
conductivity is observed for the sample with 10 depositions (81.2 S/m for the as-
deposited sample and 71 S/m for the melted film). Fusing the fibers does adversely affect 
the conductivity but will not help to improve the transmission if the only parameter that is 
changed is the number of CNT depositions. The conductivity does increase with the 
number of depositions regardless of fusing or leaving them as the as-deposited samples. 
The more depositions performed does reduce the conductivity loss. Since the fused 
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sample see no discernible difference in transmission at an electrospinning time of 10 
minutes, this technique of increasing the number of CNT depositions would further be 
beneficial for longer electrospinning times since the more CNT deposited increases the 
conductivity while the fusing improves the transmission at longer electrospinning times. 
 
Figure 4.44. Graphs of the electrical resistance (a) and transmittance (b) of as-deposited 
and fused films as a function of number of MWCNT depositions. The nanofibers were 
obtained from a 2 wt.% polyamide solution (130 nm average diameter) and electrospun 
for 10 min. 
 
2 3 4 5 6 7 8 9 10
102
103
104
2 3 4 5 6 7 8 9 10
0
20
40
60
80
100
 S
he
et
 re
si
st
an
ce
 (k
Ω 
sq
-1
)
Tr
an
sm
itt
an
ce
 @
 5
50
 n
m
 (%
)
Number of MWCNT depositions
 Fused
 As-deposited
 119 
 
Table 4.3. Electrical and optical properties of nanofiber mats from the 2 wt.% PA11 
solution electrospun for 10 min. as a function of the number of MWCNT depositions. 
 
The as-deposited coatings transmission stays within the confidence range (± 5 % )  at 
~80% showing that the transmission is independent of the thickness of the ac-MWCNT 
coating. The transmission is T = 78.2, 74.2 76.2 and 83% for the as-deposited (3, 5, 7 and 
10 depositions, respectively). And slightly higher for the melted sample where T = 85.1, 
82.5, 78.6 and 84.4% (3, 5, 7 and 10 depositions, respectively), as seen in Table 4.3 and 
Figure 4.44(b). The fact that the transmission is about equal and that the addition of ac-
MWCNT layers and their subsequent addition to the coating thickness have no effect on 
the transmission shows that the polymer fibers are the dominant factor in determining the 
transmission and thus post-treatments perform to modify the polymer fibers while have 
the most effect on the overall transmission. Annealing is a good option for glass and other 
inorganic substrates but those with low melting point are not suitable for this method. A 
polymer with a lower decomposition temperature could be used to replace PA 11 for less 
temperature resistance substrates. 
4.8.1.3. Fiber Diameter 
The diameter of the fiber was studied by changing the polymer concentration in the 
FA:DCM solution. Concentrations of 2, 3 and 4 wt.% were used with corresponding fiber 
diameters of 130, 260 and 540 nm, respectively. The films have thicknesses of 100, 150 
and 400 nm for the 2, 3 and 4 wt.% solutions. As seen in Figure 4.45(a) and the data 
MWCNT 
depositions 
Thickness  
(nm) 
Sheet resistance 
(kΩ sq-1) 
Conductivity 
(S m-1) 
Transmission 
(%) 
3 50 5335 3.7 78 
5 100 448 22.3 74 
7 80 239 52.4 76 
10 80 154 81.2 83 
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summarized in Table 4.4, the sheet resistance decreases as the concentration increases for 
the as-deposited coating after 5 depositions and using a 10 minute electrospinning time. 
the resistance decreases from 407Ωk/sq. for 2 wt.% coatings to 258 kΩ/sq. for the 3 wt.% 
coating and finally to 113 kΩ/sq. for the 4 wt.% coating. The conductivities of these 
coatings, taken thickness into account, are 22.3, 23.5 and 20.1 S/m (2, 3, and 4 wt.% 
respectively). The conductivities still remain constant taken the coating thickness into 
account. Fusing of the coating at 2 wt.% has shown an increase in resistance to 407 
kΩ/sq. for the as-deposited coating to 580 kΩ/sq. (42.5% increase). At 3 wt.% the fused 
films have increased resistance  to 1.4 MΩ/sq. from 258 kΩ/sq. (443% increase 
compared to the as-deposited coating) but films that were annealed at 450°C  had a 
resistance of 440 kΩ/sq. (70.5% increase compared to the as-deposited coating). The loss 
in resistance is much less for the annealed film due to less disruption of the ac-MWCNTs 
network caused by quick removal of the polymer fibers. At 4 wt.% the fused films 
increase in resistance to 3 MΩ/sq. from 113 kΩ/sq. for the as-deposited coating (2500% 
increase compared to the as-deposited coating) and nearly as much with an annealing 
treatment 1.6 MΩ/sq. (1300% increase compared to the as-deposited coating).  
 
Table 4.4. Electrical and optical properties of nanofiber mats from the 2 wt.% PA11 
solution electrospun for 10 min. and coated with 5 MWNTs depositions as a function of 
the fiber’s average diameter. 
 
 
Average fiber 
diameter (nm) 
Thickness 
(nm) 
Sheet resistance 
(kΩ sq-1) 
Conductivity 
(S m-1) 
Transmission 
(%) 
130 100 407 22.3 77 
260 150 258 23.5 72 
540 400 113 20.1 38 
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Figure 4.45. Graphs of the electrical resistance (a) and transmittance (b) of as-
deposited, fused and annealed in air for 30 min at 450ºC films as a function of nanofiber 
diameter. The PA11 concentration is indicated between 2 -4 wt.%. The films were 
obtained by electrospinning for 10 min. All samples were coated with 5 depositions of 
ac-MWCNTs. 
 
The transmission also decreases as the concentration is increased from 2 to 4 wt.% (as 
coating thickness increases) as seen in Figure 4.45(b). The transmission decreases from T 
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transmission of the 2 wt.% to about T = 94% from the T = 77% for the as-deposited. At 3 
wt% melting improves the transmission to T = 93% up from T = 72%, further annealing 
at 450°C and complete removal of the polymer fibers yields T = 95%. At 4 wt.% the 
films increased to T = 66% for the melted films, up from T = 38% for the as deposited. 
After annealing the 4 wt.% coatings, the resulting films had a T > 96%. Annealing of the 
fiber coatings results in complete removal of the nanofibers, leaving only CNTs on the 
substrate, showing that the fiber diameter plays a critical role in the transmission 
properties of the electrospun films. By removing the fibers the transmission is constant at 
T > 95% and by melting the 2 wt.% and 3 wt.% PA 11 fibers a transmission of  T > 93% 
is achieved.  
4.8.2. Comparison of 2 wt.% Nanofiber Coatings 
The melted film form the 2 wt.% PA 11 and 10 depositions (10 minute electrospinning 
time) had a sheet resistance of 176 Ωk/sq. and a transmission of T = 85% and is ~100 nm 
thick.  A commercial film of ITO, indium tin oxide, and a SWCNT-coated glass having 
similar transmission values have resistances of 6 Ω/sq. and 0.7 kΩ/sq., respectively.230 
This current technique would ultimately lend itself to SWCNT deposition if higher 
conductivity is needed. Ideally, short electrospinning times, maximum depositions and 
small fiber diameters would be employed for optimal conductivity and transmission. 
Larger fibers show the largest increase upon melting due to the disruption of the 
MWCNT network and increased separation between the fibers. Overall Fusing improves 
the optical properties (transmission) but the electrical conductivity is adversely affected 
whereas those coatings that were annealed improve the transmission more than those that 
were melted and the conductivity is not as adversely affected. 
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4.8.3. 4 wt.% Fiber Films 
Similarly to the 2 wt.% PA 11 fiber studies a systematic study on 4 wt.% fibers was 
conducted. Due to the handling problems of 2 wt.% (too delicate and hard to transfer and 
coat) a more robust fiber size was chosen to repeat studies on number of depositions and 
test various other types of CNTs such as acid treated triple-walled (ac-TWCNT), acid 
treated double-walled (ac-DWCNT) and PEG grafted DWCNT (PEG-DWCNT). A 
summary of the experimental data can be seen in Table 4.5 and results plotted in Figure 
4.46 (sheet resistance) and Figure 4.47 (transmission). The smaller diameter CNTs are 
expected to perform similarly to SWCNT but at a reduced cost and bridging a gap 
between expensive SWCNT and cheap MWCNT while at the same time possibly 
covering all conductivity ranges which is important for application such as anti-static 
materials and EM shielding in which the highest conductivities are not always needed. 
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Table 4.5. Summary of Sheet Resistance and Transmission results from coatings and 
films of 4 wt.% PA 11nanofibers as-spun, as-deposited, fused and annealed for three 
acid treated carbon nanotubes (ac-DWCNT, ac-TWCNT and ac-MWCNT). 
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Figure 4.46. Graph of the Sheet resistance vs. the Number of Carbon Nanotube 
Depositions. Various nanotubes such as acid treated MWCNT (red), TWCNT (orange) 
and DWCNT (blue) as well as multiple treatments including as-deposited CNTs (square), 
fused(circle) and annealed (triangle). 
 
 
Figure 4.47. Graph of the Transmission vs. the Number of Carbon Nanotube 
Depositions. Various nanotubes such as acid treated MWCNT (red), TWCNT (orange), 
DWCNT (blue) and DWCNT_PEG (dark blue) as well as multiple treatments including 
as-deposited CNTs (square), fused(circle) and annealed (triangle). 
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4.8.3.1. Acid Treated MWCNTs 
The ac-MWCNT were deposited using 1, 3, 5, 7 and 10 depositions onto 4 wt.% PA 11 
using a 20 minute electrospinning time as seen in Figure 4.48. The samples with 1 and 3 
depositions of ac-MWCNT had resistance that were too high to be measured for the as-
deposited, fused and annealed films (in which all samples exhibited too high of a 
resistance to be measured). At 5 depositions, the as-deposited sample had a sheet 
resistance of 5.1 MΩ/sq. but when the film was fused the sheet resistance decreased to 
4.3 MΩ/sq. (a decrease of 15.7%). After 7 depositions the as-deposited sample had a 
sheet resistance of 5.7 MΩ/sq. and decreased to 1.5 MΩ/sq. (a decrease of 73.7%). These 
decreases may be due to better penetration of the fibrous networks than for the 2 wt.% 
due to a greater distance between fibers, thus providing a more 3-D network which is 
harder to disrupt than the 2-D  surface network on the 2 wt.% fibers. The as-deposited 
sample with 10 depositions had a sheet resistance of 740 kΩ/sq. which increased slightly 
to 830 kΩ/sq. (an increase of 12.2%). Figure 4.48 shows an SEM image of PA 11 
nanofibers coated with self-assembled ac-MWCNTs shows a conductive network which 
may be improved by further improvements in the dispersion of the ac-MWCNT resulting 
in either lower loading necessary for percolation or in a more dense coverage (similar to 
that in ac-DWCNT which will be described later. 
 127 
 
 
Figure 4.48. SEM of ac-MWCNT on 4 wt.% PA 11 showing a conducting network but not 
a fully dense network. 
 
As seen in the graph, Figure 4.47, the transmission of the ac-MWCNT coatings 
improved when the samples were fused and annealed. This effect is also seen in Figure 
4.49 in which the optical images of the 3 samples are compared side-by-side. The As-
deposited samples had a transmission of T = 88%   for the pure PA 11 film. The 
transmission decreased as more depositions were applied, primarily due to agglomeration 
of the MWCNT and thus creating black clumps on the coatings, as seen in Figure 4.49. 
The transmission decreased from T = 88% to 76%, 55%, 61%, 43% and then 52% for the 
pure PA 11 coating, 1 deposition, 3 depositions, 5 depositions, 7 depositions and 10 
depositions (respectively). T = 87%, 88%, 65%, 74%, 55% and 66% for the as-spun, 1 
deposition, 3 depositions, 5 depositions, 7 depositions and 10 depositions (respectively). 
Although some increases were seen between 3 and 5 depositions and 7 and 10 
depositions for both the untreated and fused samples, this may be due to inconsistencies 
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(longer time exposed to CNTs or incomplete spreading of the CNT solution) with the 
deposition process and could be corrected using an automated system. The annealed 
sample exhibit a transmission of between T = 95 and 100% as expected due to the 
removal of the polymer. 
 
 
Figure 4.49. Optical image of ac-MWCNT self-assembled films showing increasing 
transmission as the films go from as-deposited to fused and annealed. 
 
4.8.3.2. Acid Treated TWCNTs 
The acid treated triple-walled carbon nanotube (ac-TWCNT) samples were measure for 
resistance as seen in Figure 4.46 using the same parameters as the ac-MWCNT. In these 
studies the resistance was too high to measure the samples with 1 and 3 depositions as 
well as the 5 depositions and the annealed sample with 5 depositions and the as-deposited 
sample with 10 depositions. The as-deposited sample with 5 depositions had a sheet 
resistance of 9.2 MΩ/sq. which decreased to 4.4 MΩ/sq. when fused (a decrease of 
52.2%). After 7 depositions the as-deposited sample had a sheet resistance of 6.4 MΩ/sq. 
which decreased to 5.1 MΩ/sq. when fused (a decrease of 20.3%) and 2.7 MΩ/sq. (a 
decrease of 57.8%) after annealing. Using 10 depositions the fused sample had a sheet 
resistance of 5.5 MΩ/sq. and the annealed sample had a sheet resistance of 2.9 MΩ/sq. 
As‐deposited Softened Annealed
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Although the TWCNTs appear to use the nanofibers as a backbone for support, as seen in 
Figure 4.50, they do not readily bridge the nanofibers as will be seen in the DWCNT 
samples and may be a source of higher sheet resistance. These higher resistances may 
result from the network not having enough pathway, rather many appear to end in 
TWCNTs not touching other TWCNTs, as well as the presence of bundles which leads to 
more TWCNTs in bundles and not as many incorporating into the conductive network. 
This would lead to lower conductivity at similar loading of non agglomerated CNTs and 
also increases the loading necessary for the highest conductivities. 
 
 
Figure 4.50. SEM of ac-TWCNT on 4 wt.% PA 11 showing a conductive network. 
 
The transmission of the ac-TWCNT samples is reported in Table 4.5 and seen in Figure 
4.47., shows an increase in transmission from the as-spun samples to the melted samples 
and finally almost transparent for the annealed samples as the transmission increases 
form T = 25% for the as-spun coatings to T = 40% for the fused sample to T = 100% for 
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the annealed samples at 10 depositions. The samples primarily decreased in transmission 
as more ac-TWCNT were deposited for the fused sample going from T = 57% to 55% to 
26% to 46% and finally to 40% for the 1, 3, 5, 7 and 10 depositions (respectively). An 
optical image showing all three samples shows the improvement in transmission due to 
the post treatments in Figure 4.51. Again the increase from 5 to depositions may be a 
result of the sample preparation and agglomeration of the ac-TWCNT. 
 
 
Figure 4.51. Optical image ac-TWCNT self-assembled films showing increasing 
transmission as the films go from as-deposited to fused and annealed. 
 
4.8.3.3. Acid Treated DWCNTs 
Furthermore, acid treated double-walled carbon nanotubes were used to try to decrease 
the resistance as seen in Figure 4.46. The only sample that had a sheet resistance that was 
too high to be measured was the anneal sample with a single ac-DWCNT deposition. The 
samples with a single deposition decreased from 4.5 MΩ/sq. for the as-deposited coating 
to 18 kΩ/sq. (a decrease of over 2 orders of magnitude) due to a much more extensive 
CNT network as seen in Figure 4.52 and Figure 4.53. After 3 depositions the as-deposited 
coatings had a sheet resistance of 39.7 kΩ/sq. which decreased to 4.9 kΩ/sq. (a decrease 
of 87.7% compared to the as-deposited coating) after fusing and increased to 62 kΩ/sq. 
As‐deposited Softened Annealed
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(an increase of 56.3% as compared to the as-deposited coating). At 5 depositions the 
sheet resistance of the as-deposited coating, 3.2 kΩ/sq., decreased to 2.9 kΩ/sq. (a 
decrease of 9% as compared to the as-deposited coating) after fusing and increased to 13 
kΩ/sq. (an increase of 300% or an order of magnitude as compared to the as-deposited 
sample) after annealing. After 7 depositions of ac-DWCNT produced as-deposited 
coating with a sheet resistance of 515 Ω/sq. which increased to 3.5 kΩ/sq. (an increase of 
600% or an order of magnitude as compared to the as-deposited coating) after fusing and 
increased to 6.4 kΩ/sq. (an increase of 1100% or an order of magnitude as compared to 
the as-deposited coating) after annealing. Using 10 depositions of ac-DWCNT the as-
deposited coating, with a sheet resistance of 1.2 kΩ/sq., decreased to 690 Ω/sq. (a 
decrease of 42.5% as deposited to the as-deposited coating) when melted and increased to 
2.3 kΩ/sq. (an increase of 91.7% compared to the as-deposited coating). 
 
Figure 4.52. SEM images of 4 wt.% PA 11 nanofiber coatings with 1 depositions of ac-
DWCNT as deposited (a and b) and the same coatings fused (c and d). Images show a 
dense coverage of ac-DWCNT on the nanofibers as well as in in between nanofibers.  
 132 
 
 
 
Figure 4.53. SEM images of 4 wt.% PA 11 nanofiber coatings with 10 depositions of ac-
DWCNT as deposited (a and b) and the same coatings fused (c and d). Images show a 
dense coverage of ac-DWCNT on the PA 11 nanofibers as well as in the pores in 
between nanofibers. 
 
Figure 4.52 and Figure 4.53 show SEM images of both 1 deposition and 10 depositions 
of the ac-DWCNTs, respectively. Higher conductivity is a result of the more extensive 
DWCNT network seen in Figure 4.53. The left side (a and c) of both Figure 4.52 and 
Figure 4.53 show a low magnification image of the coatings while the right side (b) and 
(d) shows a high magnification. The top row (a) and (b) show the as-deposited network of 
DWCNTs and the bottom row (c) and (d) show the fused samples. There is very little 
disruption of the CNT network in the samples with 10 depositions as the samples are 
fused, leading to sheet resistances that are within an order of magnitude to each other. 
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The decrease in sheet resistance from the as-deposited coating to that of the fused coating 
is most likely due to the fused polymer isolating and coating the CNTs somewhat.  
The ac-DWCNT samples also show improved transmission as they are fused and 
annealed. The as-deposited samples go form T = 64% to T = 78%, 72%, 57% and 49% 
for the 1 depositions, 3 depositions, 5 depositions, 7 depositions and 10 depositions 
(respectively). There is an increase from 1 deposition to 3 depositions which can be 
explained by sample preparation in that the base electrospun fiber may be slightly thicker. 
All other samples follow the trend in which when more ac-DWCNT are deposited the 
lower the transmission. For the fused samples the transmission goes form T = 86% to T = 
76%, 66%, 58% and 51% for the 1 deposition, 3 depositions, 5 depositions, 7 depositions 
and 10 depositions (respectively). The fused samples follow the general trend of 
decreasing transmission as more ac-DWCNT are deposited as well as higher transmission 
of the fused samples than the as-deposited, as expected. The annealed samples all show 
transmission values of T > 94% due to the removal of the polymer. Optically this can be 
seen in Figure 4.54 in which the three ac-DWCNT samples (as-deposited, fused and 
annealed) are shown to improve in transmission. 
 
 
Figure 4.54. Optical image ac-DWCNT self-assembled films showing increasing 
transmission as the films go from as-deposited to fused and annealed. 
As‐deposited Softened Annealed
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Another DWCNT sample was evaluated. This sample contained PEG molecules 
attached to the surface of the DWCNT. These samples produce no carboxylic groups due 
to the lack of acid treatment, which may remove the PEG, and therefore does not allow 
for sufficient coverage using the self-assembly process for the other coatings. There are 
very few CNTs present on the PA 11 nanofibers and is insufficient to create a conductive 
network as seen in Figure 4.55(a). SEM similar to Figure 4.55(a) show random PEG 
functionalized DWCNTs but never enough to have any type of conducting network. 
Those that do coat the PA 11 nanofibers either do not form a conductive network due to 
an incomplete conductive pathway or may be insulated due to the addition of a 
nonconductive polymer (PEG). The optical image in Figure 4.55(b) does show a similar 
trend to the other coatings in that the fused and annealed samples both have increase 
transmission in the visible range. 
 
 
Figure 4.55. SEM (a) of Peg functionalized DWCNTs coated PA 11 nanofibers showing 
a lack of a conductive network due to too few CNT on the surface and an optical image 
(b) of the films following a similar trend to that of the other films in which both the fused 
and annealed films have improved transmission. 
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4.9. Comparison of Coatings and Thin Films 
4.9.1. Percolation Theory 
To compare the results for the self-assembled CNT samples to those in literature it is 
important to determine what the results should be. To do this percolation theory is 
applied to the results to determine if conductivities are within a reasonable difference 
from the theoretical. As seen in Equation 4.18 σ is the conductivity, σ0 is the conductivity 
of the CNT powder (3000 S/m as obtained from two point probe), t is a constant (2.7) 
based on literature , ν is the volume fraction of the CNTs (1.6 as calculated from  
Equation 4.18 and 4.19) and ν c is the volume fraction of the percolation threshold. 
ߪ ൌ ߪ଴ሺݒ െ ݒ௖ሻ௧    (4.18) 
The value for ν c was calculated form literature180 and is given in Equation 4.19  
ݒ௖ ൌ 0.6
ௗ
௟
    (4.19) 
where d is the diameter of the CNT and l is the length. For the ac-MWCNT and ac-
DWCNT this results in a ν c of 1.2 vol.% (0.012 volume fraction) and . the value for ν 
was calculated using Equation 4.20 to determine the volume of the CNT, VCNT, where the 
weight of the CNTs, wCNT, is 0.02g and the density of the CNTs, ρCNT, is 1.33g/cm3, 
resulting in a VCNT of 0.015 mL; 
஼ܸே் ൌ ݓ஼ே்
ଵ
ఘ಴ಿ೅
    (4.20) 
Equation 4.21 is used to determine the volume of the PA 11, VPA11,  
௉ܸ஺ ଵଵ ൌ ݓ௉஺ ଵଵ
ଵ
ఘುಲ భభ
    (4.21) 
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where the weight of the PA 11, wPA11, is 0.98g and the density of the PA 11, ρPA11  is 1.03 
g/cm3, resulting in a VPA11 of 0.95 mL. The volume fraction, νc, of the self-assembled 
films is then calculated using Equation 4.22  
ݒ௖ ൌ
௏಴ಿ೅
ሺ௏಴ಿ೅ା ௏ುಲ భభሻ
    (4.22) 
From Equation 4.18 the calculated percolation for the ac-MWCNT self-assembled (σTheo, 
MWCNT) and the ac-DWCNT (σTheo, DWCNT) films is 252.3 S/m and 35740 S/m, 
respectively. The observed results for the best films for the ac-MWCNT and the DWCNT 
samples are 19.3 S/m and 13477 S/m, respectively. The ac-MWCNT films produced by 
self-assembly are ~8% of the theoretical value (an order of magnitude less) which is 
probably due to non perfect dispersion of the MWCNT which leads to a higher loading of 
MWCNTs needed. The ac-MWCNT are also shorter than the DWCNT and most 
SWCNT used in literature thus creating more contacts to create a percolated network. 
More contacts leads to more places for contact resistance where the junctions of the tubes 
exist. Longer tubes therefore create networks with a lower number of junctions and thus 
should exhibit less contact resistance and a higher conductivity, therefore ac-DWCNT 
were used. Also, as pointed out by Yi et al., a higher aspect ratio of the conductive 
material results in higher the electrical conductivity.231 This holds true for the DWCNT 
since they have a higher aspect ratio than that of the MWCNTs.  The films produced 
from ac-DWCNT self-assembly are ~38% of the theoretically calculated electrical 
conductivity.  Both MWCNT and DWCNT are metallic which will have lower contact 
resistances than SWCNT that are 2/3 semi-conducting (if not purified in some manner to 
separate metallic tubes form semi-conducting ones). Another reason for the discrepancies 
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in experimentally obtained conductivity and the theoretical calculations is the value of the 
exponent, t. This value was taken from a few sources in literature but does vary between 
many different sources due to 2-D and 3-D nature of the films. This variation may lead to 
results closer to those obtained experimentally but the films are still much improved over 
those of the neat polymer making them very attractive for many applications, even more 
so than those produced from SWCNT in some cases. In terms of processing, MWCNT 
and DWCNT are cheaper than SWCNT, easier to disperse and produced in large 
quantities which makes them very attractive. 
4.9.2. Comparison of Produced Coatings and Films 
The ac-DWCNT coatings show the most improvement in resistance due to the higher 
conductivity of the as-produced nanotubes. This is due to the better conductivity between 
the concentric tubes and the geometry of the nanotube (more elbows) or more 
connections to other tubes. Post treating the ac-TWCNT does not provide reasonable 
improvements in resistance form ac-MWCNT but the ac-DWCNT provides significant 
improvement thus being a viable candidate for applications requiring higher conductivity 
such as ITO replacement in LCD and solar cell collectors. As stated previously, SWCNT 
coated glass provide only a 700 Ω/sq. sheet resistance whereas the ac-DWCNT can 
achieve a 515 Ω/sq. as-deposited but would need to be melted or annealed to achieve 
sufficiently high transmissions 690 Ω/sq. (melted after 10 depositions) or 2.3 kΩ/sq. for 
annealing. PEG functionalized DWCNT show no improvement due to the inability to self 
assembly onto the PA nanofibers and thus do not form a conductive network. It has been 
shown that MWCNT can easily produce conductive films but the DWCNT produce 
higher conductive coatings. 
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4.9.3. Comparison to Literature 
Researchers have been working on various types of films using CNTs for about a 
decade. Most of the work has revolved around SWCNT and either bulk composites 
pressed into films or producing pure CNT films on the surface of polymers. As seen 
in   
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Table 4.6 a summary of CNT films is given with sheet resistance, conductivity, film 
thickness and transmission (where the data was available in literature). 
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Table 4.6. Summary of Sheet Resistance, Thickness, Conductivity and Transmission 
results from literature for various CNTs films.179-181, 183, 185, 193, 194, 232, 233 
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When comparing the results of the self-assembly films to that in literature first a 
comparison to traditional coatings is needed. Moon et al. showed that bar coated PEDOT 
films of a thickness of 600 nm had a sheet resistance of 1182 Ω/sq.181 The ac-DWCNT 
samples still compare to the ITO samples prepared by Saran et al. in which the sheet 
resistance is 60 – 90 Ω/sq. with a transmission of T = 80%.233 The ac-DWCNT are still 
within 3 orders of magnitude and well within the requirements for space applications and 
liquid crystal (LC) switching. 
When comparing the self-assembled films to those of the best results for MWCNTs we 
again compare our results to Moon et al. who added 0.01 wt.% or 0.03 wt.% MWCNT 
the sheet resistance decreases to 548 Ω/sq. or 407 Ω/sq., which is only a slight increase 
compared to the neat polymer.181 The self-assembly technique allows for an increase in 
non-conductive polymers of over 4 orders of magnitude for the ac-DWCNTs to 694 Ω/sq. 
(fused) or to 7.4 MΩ/sq. (as-deposited ac-MWCNT). Although both of these results are 
lower the conductive nature of PEDOT allows for a much higher conductivity that does 
PA 11. The ac-DWCNT samples are very close and may be able to be improved enough 
by techniques such as spin coating to make better samples with lower sheet resistances. 
The PEDOT samples have a transmission of T = 88% and T = 79% for the neat polymer 
and the 0.01 wt.% MWCNT samples, respectively whereas the transmission from the 
self-assembled films T = 51% or 52% (MWCNT and DWCNT, respectively). The 
transparency of the self-assembled samples can be increased to T = 94% for the ac-
DWCNT with annealing with a loss of 1 order for magnitude in sheet resistance (2.29 
kΩ/sq.). When high concentrations of MWCNT are used in the films produced by 
traditional bulk melting techniques (dry blending then melt pressing) a sheet resistance of 
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1.1 MΩ/sq. was achieved by Pham et al. with a film thickness of 127 µm.179 all self-
assembled samples compare well with these results. The MWCNT samples are slightly 
higher 7.4 MΩ/sq. and 8.3 MΩ/sq. for the as-deposited and fused samples after 10 
depositions whereas, the ac-TWCNT are closer as 2.9 MΩ/sq. for the annealed sample at 
10 depositions than the ac-MWCNT samples. The ac-DWCNT 1.21 kΩ/sq. for the as-
deposited samples 694 Ω/sq. for the fused samples and 2.29 kΩ/sq. for the annealed 
samples which is a vast improvement over traditional processing techniques due to the 
self-assembly technique used to create a 2-D conductive network on top of the 
electrospun fibers. When Pham et al. used another technique, solution cast then melt 
pressing, the results are far better. They obtain films of 10 wt.% MWCNTs with 760 
Ω/sq. and a thickness of 127 µm.179. Again comparing the self-assembled samples the ac-
DWCNT samples fair better slightly but with a much lower loading (2 wt.% vs. 10 
wt.%). For the ac-MWCNT samples to compare better dispersion and uniformity are 
probably needed to harness the full conductivity of the MWCNTs. The solution technique 
for similar production routes (melt pressing) is just one example of why a solution 
approach is used to disperse the CNTs and produce films.  
Since a majority of the experimental work has been conducted on SWCNTs it is 
important to compare any film to these results. A few researchers have achieved films 
with sheet resistances ranging from 80 – 1000 Ω/sq. for concentrations of 100% (usually 
cast, dip coated of vacuum filtrated films) pure SWCNTs with thickness ranging from 20 
– 600 nm (although this is more the thickness of the combined polymer/SWCNT 
composite). One promising result is that form solution cast samples produced from Smith 
et al. obtained 9.2 MΩ/sq. with a thickness of 38 µm, yet are below the limit needed for 
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space applications234. Although the self-assembled samples have lower sheet resistances 
than the solution cast sample it becomes more apparent that coatings of pure nanotubes 
are needed to dramatically decrease the sheet resistance. Self assembly provides a great 
option to deposit the pure CNTs while using electrostatic or hydrogen bonding to attach 
the CNTs to the polymer surface for improved durability. 
4.10. Nanodiamond-Polymer Composites 
While nanocrystalline diamond is quickly becoming one of the most widely studied 
nanomaterials, achieving a large fraction of diamond nanoparticles in a polymer coating 
has been an unresolved problem. By harnessing electrospinning as a procedure to 
produce and apply thin films to various substrates15, ND-polymer composites could be 
transformed into thin scratch-resistant coatings that would effectively protect from UV 
rays on windows, or prevent degradation of UV sensitive materials. Diamond-containing 
electrospun fibers could also be used in smart and UV-protecting clothing, for biomedical 
applications such as wound dressings235, 236, cell growth scaffolds237, 238, sensing239, and 
drug delivery systems240-242. Fluorescent nanodiamond can also be used for applications 
such as medical imaging and labeling243, 244, as well as photovoltaics. In this work, 
polymer nano- and micro-fibers containing high loadings of 5 nm diamond particles (up 
to 80 wt.% in polyacrylonitrile  and 40% in polyamide 11) has been demonstrated using 
electrospun nanofibers as a delivery vehicle. The electrospun nanofibers with a high load 
of nanodiamond in the polymers were fused into thin transparent films, which had high 
mechanical properties; an improvement of 4 times for the Young’s modulus and 2 times 
for the hardness was observed already at 20% nanodiamond in polyamide 11. These films 
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can provide UV protection and scratch resistance to a variety of surfaces, especially in 
applications requiring a combination of mechanical, thermal and dielectric properties. 
4.10.1. PAN 
Polyacrylonitrile was used for its simplicity and wide use in electrospinning. 
Ultimately a carbon fiber – nanodiamond composite could be made from extremely high 
loadings of ND into a PAN matrix if the right process is followed. 
4.10.1.1. Nanodiamond Loading 
Representative SEM and TEM images of the ND-PAN fibers are shown in Figure 4.56. 
Pure PAN nanofibers, Figure 4.57, were thin (34 nm average diameter) and smooth with 
a few instabilities per fiber, perhaps due to not quite uniform and stable electrospinning 
conditions.245 Lower polymer concentration, relative to the solvent, decreases the 
viscosity and increases the highest obtainable loading of nanodiamond. The 10 wt.% ND-
PAN fibers, Figure 4.56(a) and Figure 4.56(b), show a non-uniform distribution and some 
agglomeration of ND in the matrix, but still they are smooth and in this respect similar to 
the pure PAN fibers. The average fiber diameter decreases with the increasing diamond 
content from 0 to 17 wt.% reaching about 15 nm. Further increases of ND content lead to 
larger fibers with less uniform diameters. The size and number of beads increases as the 
concentration of nanodiamond increases between 20 and 60 wt.%.  Although it is still 
possible to produce fibers of 60% ND-PAN composite, Figure 4.56(d), their diameter is 
larger and less uniform. However, while fiber diameter distribution broadens as the 
concentration of the ND increases above 20 wt.%, the fibers appear to have a more 
uniform distribution of diamond particles in the polymer, compare Figure 4.56(b) and 
Figure 4.56(e). It is particularly important to notice a uniform distribution of 
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nanodiamond throughout the fiber even at high ND loads, as seen in Figure 4.56(e). Fast 
evaporation of the solvent during electrospinning suppresses reagglomeration resulting in 
significantly improved nanodiamond dispersion, compared to traditional mixing 
techniques, and in an increased area of contact between the polymer and the 
nanodiamond particles. These fibers fail in a brittle manner at high diamond loads, inset 
in Figure 4.56(e), with no necking or crazing, that were observed for pure PAN or CNT-
containing PAN nanofibers.10, 26 Diamond crystals were not affected by the spinning 
process as shown in Figure 4.56(c) and Figure 4.56(f). With an increase of the 
nanodiamond content above 60 wt.%, the viscosity of ND-PAN suspension increases, 
thus making electrospinning conditions far from optimal. However, even at high 
concentration (up to 80 wt.%) it is still possible to produce beaded nanofibers. An attempt 
to electrospin a 90 wt.% ND-PAN composite resulted in electrospraying of droplets in 
which a majority of ND is agglomerated with small fibers connecting the clumps. Still, it 
gives an opportunity to obtain a polymer-bonded electrosprayed ND coating on virtually 
any surface. 
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Figure 4.56. Top row: SEM (a) and TEM (b,c) images of electrospun PAN nanofibers 
with 10 wt.% ND incorporation. Bottom row: SEM (d) and TEM (e,f) images of 
electrospun PAN nanofibers with 60 wt.% ND incorporation. Nanodiamond particles, 
which have a higher density than PAN, appear as dark spots in TEM images in (b) and 
(e). Inset in (e) shows fracture surface of a polymer-bonded diamond fiber. 
 
 
Figure 4.57. SEM of pure PAN electrospun nanofibers. 
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4.11. Polymer Nanodiamond Thin Films 
PAN fiber mats spun for 10 and 20 minutes were white or light grey and translucent, 
independent of the diamond content. This is due to light scattering on nanofibers, gaps 
between which are comparable to the wavelength of visible light. Heating to 200°C 
makes fiber mats transparent due to fibers fusing to the surface and material uniformly 
spreading over the surface (the fusing temperature of PAN is ~180°C), leading to the 
formation of a continuous film, as seen in Figure 4.58. 
 
 
Figure 4.58. UV/Vis spectra of the about 3 µm-thick fused PAN – ND films with different 
contents of nanodiamond. Optical images of the films with 10 and 40 wt. % ND on glass 
slides are shown on the right. 
 
PAN electrospun fiber mats with different concentrations of ND were heated for 20 
minutes at 200°C and a film of pure fused PAN was used as a reference for the ND-PAN 
samples in UV/Vis measurements. All films used for UV/Vis measurements had 
approximately the same thickness of 2.6 ± 0.4 µm. As can be seen in Figure 4.58, the 
transmission decreases as the ND content increases from 10 wt.% to 40 wt.% and finally 
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to 50 wt.%, as expected. Some adsorption in the visible range may be due to about 5% of 
sp2 carbon present on the surface of oxidized ND.61  There is a decrease of about 25% in 
the transmission from 10 to 40 wt.% and a further decrease of ~25% from the 40 to 50 
wt.% samples. This shows that fairly high transparency can be maintained up to 40 wt% 
ND. The fact that all samples absorb in deep UV, implies that even a small addition of 
nanodiamond can be used for UV protection.   
4.11.1. PA 11 
Nanodiamond was also incorporated into PA 11 electrospun nanofibers. Unlike the 
CNTs which were self-assembled onto the PA 11 nanofiber surface, the nanodiamond 
powders were dispersed in the polymer solution for electrospinning purposes to make 
thin films comparable to those from the CNTs.  
4.11.2. Thin Films 
The production of thin films from electrospun mats has also been applied to 
electrospun PA 11 fibers. Similar to the PAN fibers, fused films of electrospun PA 11 
fibers with ND incorporation show absorption in the UV range, but remain optically 
transparent up to at least 40 wt% of diamond in which a computer chip was electrospun 
onto, Figure 4.59(a), and subsequently fused, Figure 4.59(b), using a 10 wt.% ND PA 11 
nanofiber. The ability to absorb UV radiation while remaining transparent in the visible 
range is advantageous for many applications, such as glass coating and protective layers 
on UV sensitive materials.  
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Figure 4.59. Optical images of electrospun PA 11 nanofibers with 10 wt.% ND on a 
computer chip as-spun (a) and after fusing (b) that leads to a formation of a transparent 
film. 
 
Similar to the PAN fibers, as the diamond content increases so does the surface 
roughness of the PA 11 fibers, as seen in Figure 4.60 (2.5 vs. 40 wt.% ND). The 
appearance of the fibers changes from a fibrous to fibers with a rougher surface to 
droplets as the concentration of diamond changes. This is partially dependant on the 
increasing viscosity of the solution due to an increase in the concentration of 
nanodiamond. However, addition of nanodiamond, even up to 40 wt.%, does not increase 
viscosity as much as just a few weight percent of nanotubes10, 26, thus making 
nanodiamond an attractive filler material for high loading of polymer matrix nanofiber 
composites. Electrospun PA 11 fibers have a larger diameter than PAN fibers and non 
circular shape, as previously reported.229 The low electrical conductivity of PA11 was not 
affected by the addition of ND enabling its use as an insulating and protective coating on 
electronic devices such as computer chips, Figure 4.59. 
 
a b
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Figure 4.60. SEM images of PA 11 electrospun fibers with varying loading of 
nanodiamond: (a) 2.5 wt.%, (b) 10 wt.%, (c) 20 wt.% and (d) 40 wt.%. 
 
4.11.2.1. Mechanical Properties 
Addition of nanodiamond has significantly improved mechanical properties of PA 11 
films. It can be seen from Figure 4.61(a) that if a load of 1.3 mN is required to penetrate 
the pure PA 11 coating to the depth of 300 nm, a 3-times higher load is required to reach 
the same depth for a coating with 20 wt% ND possessing film thickness was 2.6 ± 0.4 
µm, seen in Figure 4.61(a, inset). If the scratch generated by a sharp Berkovich indenter 
under 5 mN load in pure PA 11 was 1.7 µm deep, addition of merely 10 wt% of ND led 
to a 0.8 µm deep scratch. Figure 4.61(b) shows the results of the hardness and Young’s 
modulus of PA 11. The addition of 20 wt.% ND in the PA 11raised the Young’s modulus 
by a factor of 4 and more than doubled the hardness. Thus, scratch tests have confirmed 
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improved Young’s modulus, hardness and scratch resistance of PA 11 after adding ND as 
compared to the neat polymer. Improvements in mechanical properties are expected 
combined with the addition of high concentration of nanodiamonds, such as 80 or 90 
wt.% even higher mechanical properties should be obtainable 
 
 
Figure 4.61. Load-displacement curves (a) and hardness and Young’s modulus (b) of 
PA 11‑ND films with different contents of nanodiamond. Inset shows a PA 11‑ND film 
with 20 wt.% of Nanodiamond on a thin glass slide. Film thickness was 2.6 ± 0.4 µm. 
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4.12. Multi-Layered Composites 
Multi-layered composites are becoming more important when acting as multi-
functional composites. Multi-functional materials posses more than one important 
property such as high electrical conductivity and strength which have been imparted due 
to two different materials which alone cannot provide them. Thin films composites that 
lead to multi-functional materials are important because they allow small quantities of 
material to be used to greatly improve the properties of existing materials by using them 
as a coating material. Thus ordinary materials can be coated with multi-functional thin 
films (such as multi-layers composites) and have improved electrical conductivity on one 
side and improved mechanical properties on the other.  
Multi-layered composites of the proceeding, composites of PAN/ND and PA 11 coated 
with ac-MWCNTs, materials have been produced. The samples were produced to have 
alternating layers with either PA 11 – ac-MWCNT or PAN/ND as a top layer. As seen in 
Figure 4.62 distinct configurations were used. First, samples were prepared by depositing 
4wt.% PA 11 onto a section of silicon wafer using the electrospinning setup and 
parameters for the glass coated slides. Then, ac-MWCNT were deposited onto the PA 11 
nanofibers creating an initial layer of PA 11 – ac-MWCNTs. Ten depositions were used 
in each PA 11 layer. Then the PA 11 – ac-MWCNTs were melted on a hotplate at 
~120°C for 10 minutes to create a thin, smooth coating. The coated wafers were then 
electrospun onto again using a 8 wt.% PAN solution with a 10 wt.% ND loading. This 
layer was then melted using the hotplate. This process was repeated to make samples of 1 
multi-layer (2 bi-layers), 2 multi-layers (4 bi-layers) and 3 multi-layers (6 bi-layers). The 
second type of multi-layered samples were made by reversing the depositions and 
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electrospinning PAN/ND onto the silicon wafer and then similarly melted. PA 11 was 
then electrospun onto the PAN/ND layer followed by ten depositions of ac-MWCNT to 
complete 1 multi-layer. Again, 1 multi-layer, 2 multi-layers and 3 multi-layers were 
produced. These samples therefore vary in their exposed layer and can further be tested 
for surface properties such as scratch resistance, hardness, Young’s modulus and 
electrical resistance (electrical conductivity). Reference samples of pure PA 11 
nanofibers, using 2 individual melted layers for each corresponding multi-layer, were 
produced to compare the electrical and mechanical properties against. 
 
 
Figure 4.62. SEM of the cross section of a multi-layered composited consisting of 
alternating fused layers of PA 11/ND nanofibers and PA 11 electrospun nanofibers with 
self-assembled ac-MWCNT deposited on a Si wafer. 
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5. CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH 
Conductive, transparent, thin film have been engineered from electrospun polymer 
nanofibers by harnessing the self-assembly process to attach carbon nanotubes or by 
dispersing nanodiamonds directly in the polymer solution to produce high nanodiamond 
content nanofibers. These processes, combined with post treatments on the nanofibers, 
have been used to improve the electrical conductivity, optical transparency, UV 
absorption, hardness and scratch resistance of nanocomposite coatings. 
5.1. Conclusions 
• A new, commercially available, grade of multi-walled carbon nanotubes has been 
characterized using multi-wavelength Raman spectroscopy and High resolution TEM. 
These tubes, produced by Arkema, were used as a basis for most of the polymer-
nanotube composites. 
 
• Surface modification of the multi-walled carbon nanotubes was performed using high 
temperature annealing, thermal oxidation and acid treatments. Annealing lead to more 
pristine nanotubes by healing defects, catalyst removal and the elimination of 
amorphous carbon but results in agglomeration in solvents and polymers. Thermal 
oxidation at 450°C lead to various functional groups and improved dispersion. Acid 
treatments further improve dispersion by producing carboxylic functional groups and 
allowing for self-assembly on PA 11 and on treated PAN. 
 
• Acid treated multi-walled carbon nanotubes have been self-assembled onto both PAN 
treated with PDDA using and PA 11 powders, pellets and nanofibers.  
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o PAN nanofibers were rolled into a wire like structure and measured to have a 
conductivity of 0.1 S/m. 
o Acid treated carbon nanotubes were self-assembled onto various PA 11 products 
such as pellets, powders and nanofibers. The pellets and powders were used in the 
melt pressing technique to make films. The films were shown insulting and 
therefore other film processing methods are needed to produce conducting 
samples. 
 
• Polyamide 11 nanofibers were produced for the first time using the electrospinning 
technique using concentrations of 2 wt.% to 10 wt.% polymer in the solvent. 
o PA 11 pellets were dissolved in a novel solvent (formic acid and dichloromethane 
in a 1:1 volume ratio).  
o PA 12 pellets were also dissolved and electrospun to show that the solvent 
combination can be used for other polyamides. 
o Nanofibers were spun having a diameter of ~130 nm for the 2 wt.% solution and 
ranging to a few microns for the 10 wt.%  
 
• Polyamide 11 fibers were coated with multi-walled carbon nanotubes using the self-
assembly process to produce a conductive network. Systematic studies on the 
electrospinning time (coating thickness), polymer concentration and number of 
nanotube depositions have shown that: 
o A sheet resistance of 124 kΩ/sq. and a conductivity of ~105 S/m was obtained 
from a 40 minute electrospun sample with 10 depositions 
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o Shorter electrospinning times result in high transmissions of ~87% 
o A combination of short electrospinning time, maximum number of carbon 
nanotube depositions and thin fibers results in a sheet resistance of 154 kΩ/sq. 
(conductivity of ~81 S/m) with a transmission of ~85%  with a film thickness of 
~80 nm. 
 
• Electrospun nanofiber films coated with acid treated carbon nanotubes were post 
treated to improve the transparency while attempting to retain their conductive nature. 
Heat treatments were employed in which the films were fused at ~110°C while other 
samples had the polymer removed at 450°C leaving a pure carbon nanotube coating 
on the substrate. 
o Fused samples reduced the scattering of the fibers by creating a coating of 
polymer with a transmission of ~85% for small numbers of nanotubes but down 
to ~60% for 10 depositions due to agglomeration on the coating. The carbon 
nanotube network is maintained and a sheet resistance of 8.3 MΩ/sq. was 
measured. 
o Polymer removal allowed for the samples to retain ~95% transmission but higher 
sheet resistance was observed. 
 
• Acid treated double and triple-walled carbon nanotubes were explored to reduce the 
sheet resistance. 
o Sample prepared using TWCNT were similar to those of MWCNT 
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o DWCNT samples showed low resistance of 1.2 kΩ/sq., 700Ω/sq. and 2.4 kΩ/sq. 
for the as-deposited, softened and annealed samples (with corresponding 
transmissions of 49, 51 and >99%) 
 
• Films produced form the self-assembly of acid treated carbon nanotubes were shown 
to behave according to percolation theory. 
o The ac-MWCNT films have an observed conductivity (σTheo, MWCNT) of 19.3 S/m 
which is an order of magnitude less, 8% of the theoretical value, 252.3 S/m, 
obtained by percolation theory. The discrepancy is due to non perfect dispersion 
of the MWCNTs. 
o The ac-DWCNT (σTheo, DWCNT) films were measured to possess a conductivity of 
13477 S/m which is ~1/3 of the theoretically calculated value of 35740 S/m, 
derived from percolation theory.  
 
• Nanodiamond was incorporated into PAN and PA 11 nanofibers and used to produce 
dielectric hard films. 
o Loadings of up to 90 wt.% nanodiamond can be achieved. 
o Nanodiamond additions reduce the UV light that is transmitted through the films. 
o The Young’s modulus was improved by a factor of 4 and the hardness was 
improved by a factor of 2 at 20% nanodiamond in polyamide 11 
 
• Multi-layered films of self-assembled ac-MWCNT on PA 11 and nanodiamond-PA 
11 have been produced 
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5.2. Future Work 
• Produce devices based on thin film coatings such as solar cell coatings to replace 
ITO. 
• Improve dispersion and homogeneity by using techniques such as spin coating. 
• Attempt different functionalizations and compare results. 
• Improve the multilayered coatings and test for hardness and conductivity.  
• Wetting measurements on films and evaluation for electro-wetting devices. 
 
  
 159 
 
6. REFERENCES 
(1) Shenderova, O.; McGuire, G., Nanocrystalline Diamond. In Carbon 
nanomaterials, Gogotsi, Y., Ed. Taylor & Francis: Boca Raton, FL, 2006; pp 175-
210. 
 
(2) Matarredona, O.; Rhoads, H.; Li, Z. R.; Harwell, J. H.; Balzano, L.; Resasco, D. 
E. J. Phys. Chem. B 2003, 107, (48), 13357-13367. 
 
(3) Yurekli, K.; Mitchell, C. A.; Krishnamoorti, R. J. Am. Chem. Soc. 2004, 126, 
(32), 9902-9903. 
 
(4) Zhang, M. N.; Su, L.; Mao, L. Q. Carbon 2006, 44, (2), 276-283. 
 
(5) Baskaran, D.; Mays, J. W.; Bratcher, M. S. Chem. Mater. 2005, 17, (13), 3389-
3397. 
 
(6) Li, Y. H.; Wang, S. G.; Luan, Z. K.; Ding, J.; Xu, C. L.; Wu, D. H. Carbon 2003, 
41, (5), 1057-1062. 
 
(7) Luong, J. H. T.; Hrapovic, S.; Liu, Y. L.; Yang, D. Q.; Sacher, E.; Wang, D. S.; 
Kingston, C. T.; Enright, G. D. J. Phys. Chem. B 2005, 109, (4), 1400-1407. 
 
(8) Rosca, I. D.; Watari, F.; Uo, M.; Akaska, T. Carbon 2005, 43, (15), 3124-3131. 
 
(9) Reneker, D. H.; Chun, I. Nanotechnology 1996, 7, 216. 
 
(10) Ko, F.; Gogotsi, Y.; Ali, A.; Naguib, N.; Ye, H. H.; Yang, G. L.; Li, C.; Willis, P. 
Adv. Mater. 2003, 15, (14), 1161-1165. 
 
(11) Dror, Y.; Salalha, W.; Khalfin, R. L.; Cohen, Y.; Yarin, A. L.; Zussman, E. 
Langmuir 2003, 19, (17), 7012-7020. 
 
(12) Kim, C.; Yang, K. S. Appl. Phys. Lett. 2003, 83, 1216. 
 
(13) Kim, H. S.; Jin, H. J.; Myung, S. J.; Kang, M. S.; Chin, I. J. Macromol. Rapid 
Comm. 2006, 27, (2), 146-151. 
 
(14) Behler, K.; Havel, M.; Mattia, D.; Gogotsi, Y. Mater. Res. Soc. Symp. Proc. 2007, 
1057, II20.26. 
 
(15) Havel, M.; Behler, K.; Korneva, G.; Gogotsi, Y. Adv. Funct. Mater. 2008, 18, 
(16), 2322-2327. 
 
 160 
 
(16) Skakalova, V.; Kaiser, A. B.; Woo, Y. S.; Roth, S. Phys. Rev. B 2006, 74, (8), 
085403. 
 
(17) Du, F. M.; Scogna, R. C.; Zhou, W.; Brand, S.; Fischer, J. E.; Winey, K. I. 
Macromolec. 2004, 37, (24), 9048-9055. 
 
(18) Grossiord, N.; Loos, J.; Regev, O.; Koning, C. E. Chem. Mater. 2006, 18, (5), 
1089-1099. 
 
(19) Park, C.; Ounaies, Z.; Watson, K. A.; Crooks, R. E.; Smith, J.; Lowther, S. E.; 
Connell, J. W.; Siochi, E. J.; Harrison, J. S.; Clair, T. L. S. Chem. Phys. Lett. 
2002, 364, (3-4), 303-308. 
 
(20) Philip, B.; Xie, J. N.; Chandrasekhar, A.; Abraham, J.; Varadan, V. K. Smart 
Mater. Struct. 2004, 13, (2), 295-298. 
 
(21) Skakalova, V.; Dettlaff-Weglikowska, U.; Roth, S. Synth. Met 2005, 152, (1-3), 
349-352. 
 
(22) Wang, L.; Dang, Z. M. Appl. Phys. Lett. 2005, 87, (4), 042903. 
 
(23) Wang, M.; Pramoda, K. P.; Goh, S. H. Polymer 2005, 46, (25), 11510-11516. 
 
(24) Xu, Y. S.; Ray, G.; Abdel-Magid, B. Composites: Part A 2006, 37, (1), 114-121. 
 
(25) Yang, J. W.; Hu, J. H.; Wang, C. C.; Qin, Y. J.; Guo, Z. X. Macromol. Mater. 
Eng. 2004, 289, (9), 828-832. 
 
(26) Ye, H. H.; Lam, H.; Titchenal, N.; Gogotsi, Y.; Ko, F. Appl. Phys. Lett. 2004, 85, 
(10), 1775-1777. 
 
(27) Zeng, H. L.; Gao, C.; Wang, Y. P.; Watts, P. C. P.; Kong, H.; Cui, X. W.; Yan, D. 
Y. Polymer 2006, 47, (1), 113-122. 
 
(28) Ayutsede, J.; Gandhi, M.; Sukigara, S.; Ye, H. H.; Hsu, C. M.; Gogotsi, Y.; Ko, F. 
Biomacromolecules 2006, 7, (1), 208-214. 
 
(29) Fischer, J. E., Carbon Nanotubes: Structure and Properties. In Carbon 
Nanomaterials, Gogotsi, Y., Ed. Taylor and Francis Group: Boca Raton, FL, 
2006; pp 41-75. 
 
(30) Baughman, R. H.; Zakhidov, A. A.; de Heer, W. A. Science 2002, 297, (5582), 
787-792. 
 
 161 
 
(31) Flahaut, E.; Bacsa, R.; Peigney, A.; Laurent, C. Chem. Comm. 2003, (12), 1442-
1443. 
 
(32) Laurent, C.; Flahaut, E.; Peigney, A.; Rousset, A. New J. Chem. 1998, 22, 1229-
1237. 
 
(33) de Heer, W. A.; Châtelain, A.; Ugarte, D. Science 1995, 270, (5239), 1179-1180. 
 
(34) Tans, S. J.; Devoret, M. H.; Dai, H.; Thess, A.; Smalley, R. E.; Geerligs, L. J.; 
Dekker, C. Nature 1997, 386, (6624), 474-477. 
 
(35) Treacy, M. M. J.; Ebbesen, T. W.; Gibson, J. M. Nature 1996, 381, (6584), 678-
680. 
 
(36) Kong, J.; Franklin, N. R.; Zhou, C.; Chapline, M. G.; Peng, S.; Cho, K.; Dai, H. 
Science 2000, 287, (5453), 622-625. 
 
(37) Martel, R.; Schmidt, T.; Shea, H. R.; Hertel, T.; Avouris, P. Appl. Phys. Lett. 
1998, 73, (17), 2447-2449. 
 
(38) Yu, M.-F.; Lourie, O.; Dyer, M. J.; Moloni, K.; Kelly, T. F.; Ruoff, R. S. Science 
2000, 287, (5453), 637-640. 
 
(39) Yao, Z.; Postma, H. W. C.; Balents, L.; Dekker, C. Nature 1999, 402, (6759), 
273-276. 
 
(40) Coleman, J. N.; Khan, U.; Blau, W. J.; Gun'ko, Y. K. Carbon 2006, 44, (9), 1624-
1652. 
 
(41) Chen, G.; Bandow, S.; Margine, E. R.; Nisoli, C.; Kolmogorov, A. N.; Crespi, V. 
H.; Gupta, R.; Sumanasekera, G. U.; Iijima, S.; Eklund, P. C. Phys. Rev. Lett. 
2003, 90, (25), 257403. 
 
(42) Peigney, A.; Coquay, P.; Flahaut, E.; Vandenberghe, R. E.; De Grave, E.; 
Laurent, C. J. Phys. Chem. B 2001, 105, (40), 9699-9710. 
 
(43) Flahaut, E.; Durrieu, M. C.; Remy-Zolghadri, M.; Bareille, R.; Baquey, C. 
Carbon 2006, 44, (6), 1093-1099. 
 
(44) Flahaut, E.; Laurent, C.; Peigney, A. Carbon 2005, 43, (2), 375-383. 
 
(45) Li, W. Z.; Wen, J. G.; Sennett, M.; Ren, Z. F. Chem. Phys. Lett. 2003, 368, (3-4), 
299-306. 
 
 162 
 
(46) Ma, C.-C.; Zhao, Y.; Yam, C.-Y.; Chen, G.; Jiang, Q. Nanotechnology 2005, (8), 
1253. 
 
(47) Portet, C.; Taberna, P. L.; Simon, P.; Flahaut, E. J. Power Sources 2005, 139, (1-
2), 371-378. 
 
(48) Puech, P.; Flahaut, E.; Bassil, A.; Juffmann, T.; Beuneu, F.; Bacsa, W. S. J. 
Raman Spectrosc. 2007, 38, (6), 714-720. 
 
(49) Puech, P.; Flahaut, E.; Sapelkin, A.; Hubel, H.; Dunstan, D. J.; Landa, G.; Bacsa, 
W. S. Phys. Rev. B 2006, 73, (23), 233408-4. 
 
(50) Shenderova, O.; McGuire, G., Nanocrystalline Diamond. In Nanomaterials 
Handbook, Gogotsi, Y., Ed. CRC Press: Boca Raton, FL, 2006; pp 203-238. 
 
(51) Barnard, A. S.; Russo, S. P.; Snook, I. K. PHys. Rev. B 2003, 68, (7), 073406. 
 
(52) Shenderova, O. A.; Hu, Z.; Brenner, D., Carbon Family at the Nanoscale. In 
Synthesis, Properties and Applications of Ultrananocrystalline Diamond, 2005; 
pp 1-14. 
 
(53) Drobyshev, V. Combustion, Explosion, and Shock Waves 1983, 19, (5), 677-678. 
 
(54) Kuznetsov, V. L.; Butenko, Y. V.; Zaikovskii, V. I.; Chuvilin, A. L. Carbon 2004, 
42, (5-6), 1057-1061. 
 
(55) Yushin, G. N.; Osswald, S.; Padalko, V. I.; Bogatyreva, G. P.; Gogotsi, Y. 
Diamond Relat. Mater. 2005, 14, (10), 1721-1729. 
 
(56) Osswald, S.; Havel, M.; Mochalin, V.; Yushin, G.; Gogotsi, Y. Diamond Relat. 
Mater. 2008, 17, (7-10), 1122-1126. 
 
(57) Gogotsi, Y.; Welz, S.; Ersoy, D. A.; McNallan, M. J. Nature 2001, 411, (6835), 
283-287. 
 
(58) Portet, C.; Yushin, G.; Gogotsi, Y. Carbon 2007, 45, (13), 2511-2518. 
 
(59) Zhirnov, V.; Shenderova, O.; Jaeger, D.; Tyler, T.; Areshkin, D.; Brenner, D.; 
Hren, J. Phys. Solid State 2004, 46, (4), 657-661. 
 
(60) Shenderova, O.; Petrov, I.; Walsh, J.; Grichko, V.; Grishko, V.; Tyler, T.; 
Cunningham, G. Diam. Relat. Mater. 2006, 15, (11-12), 1799-1803. 
 
(61) Osswald, S.; Yushin, G.; Mochalin, V.; Kucheyev, S. O.; Gogotsi, Y. J. Am. 
Chem. Soc. 2006, 128, (35), 11635-11642. 
 163 
 
 
(62) Mochalin, V. N.; Osswald, S.; Portet, C.; yushin, G.; Hobson, C.; Havel, M.; 
Gogotsi, Y. Mater. Res. Soc. Symp. Proc. 2007, 1039, P11.3. 
 
(63) Hanada, K.; Umeda, K.; Nakayama, N.; Mayuzumi, M.; Shikata, H.; Sano, T. 
New Diamond Front. Carbon Technol. 2003, 13, (3), 133-142. 
 
(64) Shenderova, O.; Tyler, T.; Cunningham, G.; Ray, M.; Walsh, J.; Casulli, M.; 
Hens, S.; McGuire, G.; Kuznetsov, V.; Lipa, S. Diam. Relat. Mater. 2007, 16, (4-
7), 1213-1217. 
 
(65) Ozawa, M.; Inaguma, M.; Takahashi, M.; Kataoka, F.; Kruger, A.; Osawa, E. 
Adv. Mater. 2007, 19, (9), 1201-1206. 
 
(66) d'Almeida, J. R.; Monteiro, S. N.; Menezes, G. W.; Rodrigues, R. J. S. J. Reinf. 
Plast. Compos. 2007, 26, (3), 321-330. 
 
(67) Star, A.; Liu, Y.; Grant, K.; Ridvan, L.; Stoddart, J. F.; Steuerman, D. W.; Diehl, 
M. R.; Boukai, A.; Heath, J. R. Macromolecules 2003, 36, (3), 553-560. 
 
(68) Shiren, W.; Zhiyong, L.; Tina, L.; Ben, W.; Chuck, Z. Nanotechnology 2006, (6), 
1551. 
 
(69) Staii, C.; Johnson, A. T.; Chen, M.; Gelperin, A. Nano Lett. 2005, 5, (9), 1774-
1778. 
 
(70) Dyke, C. A.; Tour, J. M. J. Phys. Chem. A 2004, 108, (51), 11151-11159. 
 
(71) Chen, R. J.; Zhang, Y.; Wang, D.; Dai, H. J. Am. Chem. Soc. 2001, 123, (16), 
3838-3839. 
 
(72) Zhao, J.; Park, H.; Han, J.; Lu, J. P. J. Phys. Chem. B 2004, 108, (14), 4227-4230. 
 
(73) Holzinger, M.; Vostrowsky, O.; Hirsch, A.; Hennrich, F.; Kappes, M.; Weiss, R.; 
Jellen, F. Angew. Chem., Int. Ed. 2001, 40, (21), 4002-4005. 
 
(74) Saini, R. K.; Chiang, I. W.; Peng, H.; Smalley, R. E.; Billups, W. E.; Hauge, R. 
H.; Margrave, J. L. J. Am. Chem. Soc. 2003, 125, (12), 3617-3621. 
 
(75) Zhang, H.; Li, H. X.; Cheng, H. M. J. Phys. Chem. B 2006, 110, (18), 9095-9099. 
 
(76) Gibson, P.; Schreuder-Gibson, H.; Rivin, D. Colloids Surf., A 2001, 187, 469. 
 
(77) Schreuder-Gibson, H.; Gibson, P.; Senecal, K.; Sennett, M.; Walker, J. Adv. 
MAter. 2002, 34, 44. 
 164 
 
 
(78) Tomer, V.; Teye-Mensah, R.; Tokash, J. C.; Stojilovic, N.; Kataphinan, W. Sol. 
Energy Mater. Sol. Cells 2005, 85, 477. 
 
(79) Burger, C.; Hsiao, B. S.; Chu, B. Annu. Rev. Mater. Res. 2006, 36, (1), 333-368. 
 
(80) Ramakrishna, S.; Lim, T.-C.; Fujihara, K.; Teo, W.-E.; Ma, Z., An Introduction to 
Electrospinning and Nanofibers. World Scientific: 2005; p 382. 
 
(81) Luu, Y. K.; Kim, K.; Hsiao, B. S.; Chu, B.; Hadjiargyrou, M. J. of Controlled 
Release 2003, 89, (2), 341-353. 
 
(82) Matthews, J. A.; Wnek, G. E.; Simpson, D. G.; Bowlin, G. L. Biomacromolecules 
2002, 3, 232. 
 
(83) Yoshimoto, H.; Shin, Y. M.; Terai, H.; Vacanti, J. P. Biomaterials 2003, 24, 2077. 
 
(84) Rayleigh, L. Philos. Mag. 1882, 14, 184. 
 
(85) Zeleny, J. Phys. Rev. 1914, 3, 69. 
 
(86) Formhals, A. U.S. Patent 1,975,504. 1934. 
 
(87) Taylor, G. I. Proc. R. Soc. Lond. Ser. A 1964, 280, 383. 
 
(88) Taylor, G. I. Proc. R. Soc. Lond. Ser. A 1969, 313, 453. 
 
(89) Baumgarten, P. K. J. Colloid Interface Sci. 1971, 36, 71. 
 
(90) Doshi, J.; Reneker, D. H. In Electrospinning process and applications of 
electrospun fibers, Industry Applications Society Annual Meeting, IEEE, 1993; 
Reneker, D. H., Ed. 1993; pp 1698-1703  
 
(91) Deitzel, J. M.; Kleinmeyer, J.; Harris, D.; Tan, N. C. B. Polymer 2001, 42, 261. 
 
(92) Yarin, A. L.; Koombhongse, S.; Reneker, D. H. J. Appl. Phys. 2001, 89, 3018. 
 
(93) Deitzel, J. M.; Kosik, W.; McKnight, S. H.; Beck Tan, N. C.; DeSimone, J. M.; 
Crette, S. Polymer 2002, 43, (3), 1025-1029. 
 
(94) Lyons, J.; Li, C.; Ko, F. Polymer 2004, 45, (22), 7597-7603. 
 
(95) Dalton, P. D.; Klinkhammer, K.; Salber, J.; Klee, D.; Moller, M. 
Biomacromolecules 2006, 7, (3), 686-690. 
 
 165 
 
(96) Lyons, J.; Ko, F. Polymer News 2005, 30, 170-178. 
 
(97) Greiner, A.; Wendorff, Joachim H. Angew. Chem., Int. Ed. 2007, 46, (30), 5670-
5703. 
 
(98) Zhou, Y.; Freitag, M.; Hone, J.; Staii, C.; Johnson, J. A. T.; Pinto, N. J.; 
MacDiarmid, A. G. Appl. Phys. Lett. 2003, 83, (18), 3800-3802. 
 
(99) Bognitzki, M.; Czado, W.; Frese, T.; Schaper, A.; Hellwig, M.; Steinhart , M.; 
Greiner, A.; Wendorff, J. H. Adv. Mater. 2001, 13, 70. 
 
(100) Deitzel, J. M.; Kleinmeyer, J. D.; Hirvonen, J. K.; Beck Tan, N. C. Polymer 2001, 
42, (19), 8163-8170. 
 
(101) Lu, J.-W.; Zhu, Y.-L.; Guo, Z.-X.; Hu, P.; Yu, J. Polymer 2006, 47, (23), 8026-
8031. 
 
(102) Sun, T.; Mai, S.; Norton, D.; Haycock, J. W.; Ryan, A. J.; Macneil, S. Tissue Eng. 
2005, 11, (7-8), 1023-1033. 
 
(103) Kim, D. O.; Nam, J. D.; Lee, D. H.; Lee, J. Y.; Park, J.-J.; Kim, J. M. Mol. Cryst. 
Liq. Cryst. 2007, 464, (1), 137-144. 
 
(104) Yarin, E. Z. A. L.; Bazilevsky, A. V.; Avrahami, R.; Feldman, M. Adv. Mater. 
2006, 18, (3), 348-353. 
 
(105) Kim, D. O.; Nam, J. D.; Lee, D. H.; Lee, J. Y.; Park, J.-J.; Kim, J. M. Mol. Cryst. 
Liq. Cryst. 2007, 464, 719-26. 
 
(106) Prilutsky, S.; Zussman, E.; Cohen, Y. Nanotechnology 2008, (16), 165603. 
 
(107) Hou, H. Q.; Ge, J. J.; Zeng, J.; Li, Q.; Reneker, D. H.; Greiner, A.; Cheng, S. Z. 
D. Chem. Mater. 2005, 17, (5), 967-973. 
 
(108) Fong, H.; Liu, W. D.; Wang, C. S.; Vaia, R. A. Polymer 2002, 43, (3), 775-780. 
 
(109) Li, Y.; Huang, Z. M.; Lu, Y. D. Eur. Polym. J. 2006, 42, (7), 1696-1704. 
 
(110) Supaphol, P.; Mit-uppatham, C.; Nithitanakul, M. J. Polym. Sci., Part B: Polym. 
Phys. 2005, 43, (24), 3699-712. 
 
(111) Bergshoef, M. M.; Vancso, G. J. Adv. Mater. 1999, 11, 1362. 
 
(112) Choi, S. S.; Lee, Y. S.; Joo, C. W.; Lee, S. G.; Park, J. K.; Han, K. S. 
Electrochim. Acta 2004, 50, (2-3), 339-343. 
 166 
 
 
(113) Choi, S. W.; Jo, S. M.; Lee, W. S.; Kim, Y. R. Adv. MAter. 2003, 15, (23), 2027-
2032. 
 
(114) Kim, J. R.; Choi, S. W.; Jo, S. M.; Lee, W. S.; Kim, B. C. Electrochim. Acta 
2004, 50, 69. 
 
(115) Seoul, C.; Kim, Y. T.; Baek, C. K. J. Polym. Sci. B 2003, 41, (13), 1572-1577. 
 
(116) Zhao, Z. Z.; Li, J. Q.; Yuan, X. Y.; Li, X.; Zhang, Y. Y.; Sheng, J. J. Appl. Polym. 
Sci. 2005, 97, 466. 
 
(117) Hong, K. H. Polym. Eng. Sci. 2007, 47, (1), 43-49. 
 
(118) Chuangchote, S.; Supaphol, P. J. Nanosci Nanotechno. 2006, 6, (1), 125-129. 
 
(119) Huang, Z.-M.; Zhang, Y. Z.; Kotaki, M.; Ramakrishna, S. Compos. Sci. Technol. 
2003, 63, (15), 2223-2253. 
 
(120) Pham, Q. P.; Sharma, U.; Mikos, A. G. Tissue Eng. 2006, 12, (5), 1197-1211. 
 
(121) Kumar, V. S. P.; Babu, V. J.; Raghuraman, G. K.; Dhamodharan, R.; Natarajan, 
T. S. J. Appl. Phys. 2007, 101, (11), 114317-4. 
 
(122) Li, D.; McCann, J. T.; Gratt, M.; Xia, Y. Chem. Phys. Lett. 2004, 394, (4-6), 387-
391. 
 
(123) Luong, N. D.; Moon, I.-S.; Lee, D. S.; Lee, Y.-K.; Nam, J.-D. Mater. Sci.  Eng. C. 
In Press. 
 
(124) Bashouti, M.; Salalha, W.; Brumer, M.; Zussman, E.; Lifshitz, E. ChemPhysChem 
2006, 7, (1), 102-106. 
 
(125) Li, D.; Xia, Y. Adv. Mater. 2004, 16, (14), 1151-1170. 
 
(126) Li, D.; Wang, Y. L.; Xia, Y. N. Nano Lett. 2003, 3, (8), 1167-1171. 
 
(127) Sigmund, W.; Junhan, Y.; Hyun, P.; Maneeratana, V.; Pyrgiotakis, G.; Daga, A.; 
Taylor, J.; Nino, J. C. J. Am. Ceram. Soc. 2006, 89, (2), 395-407. 
 
(128) Tomczak, N.; Gu, S.; Han, M.; van Hulst, N. F.; Julius Vancso, G. Eur. Polym. J. 
2006, 42, (10), 2205-2210. 
 
(129) Yuh, J.; Perez, L.; Sigmund, W. M.; Nino, J. C. Phys. E 2007, 37, (1-2), 254-259. 
 
 167 
 
(130) Xiaomeng, S.; Changlu, S.; Yichun, L. Polymer 2007, 48, (6), 1459-1463. 
 
(131) Azad, A.-M. Materials Letters 2006, 60, (1), 67-72. 
 
(132) Yuh, J.; Nino, J. C.; Sigmund, W. M. Mater. Lett. 2005, 59, (28), 3645-3647. 
 
(133) Li, J.; Zhang, Y.; Zhong, X.; Yang, K.; Meng, J.; Cao, X. Nanotechnology 2007, 
(24), 245606. 
 
(134) Dharmaraj, N.; Park, H. C.; Kim, C. K.; Kim, H. Y.; Lee, D. R. Mater. Chem. 
Phys. 2004, 87, (1), 5-9. 
 
(135) Dharmaraj, N.; Park, H. C.; Lee, B. M.; Viswanathamurthi, P.; Kim, H. Y.; Lee, 
D. R. Inorganic Chemistry Communications 2004, 7, (3), 431-433. 
 
(136) Guan, H.; Shao, C.; Wen, S.; Chen, B.; Gong, J.; Yang, X. Inorganic Chemistry 
Communications 2003, 6, (10), 1302-1303. 
 
(137) Lin, D.; Pan, W.; Wu, H. Morphological Control of Centimeter Long Aluminum-
Doped Zinc Oxide Nanofibers Prepared by Electrospinning 2007, 90, (1), 71-76. 
 
(138) Lin, D.; Wu, H.; Zhang, R.; Pan, W. J. Am. Ceram. Soc. 2007, 90, (11), 3664-
3666. 
 
(139) Sawicka, K. M.; Karadge, M.; Gouma, P.-I. Mater. Res. Soc. Symp. Proc. 2005, 
847, EE9.46.1. 
 
(140) Shao, C.; Guan, H.; Liu, Y.; Mu, R. J. Mater. Sci. 2006, 41, (12), 3821-3824. 
 
(141) Sui, X. M.; Shao, C. L.; Liu, Y. C. Appl. Phys. Lett. 2005, 87, (11), 113115-3. 
 
(142) Song, M. Y.; Kim, D. K.; Ihn, K. J.; Jo, S. M.; Kim, D. Y. Nanotechnology 2004, 
15, 1861-1865. 
 
(143) Dersch, R.; Steinhart, M.; Boudriot, U.; Greiner, A.; Wendorff, J. H. Polymers for 
Advanced Technologies 2005, 16, (2-3), 276-282. 
 
(144) Li, D.; McCann, J. T.; Xia, Y.; Marquez, M. J. Am. Ceram. Soc. 2006, 89, (6), 
1861-9. 
 
(145) Li, D.; Ouyang, G.; McCann, J. T.; Xia, Y. Nano Lett. 2005, 5, (5), 913-916. 
 
(146) Dzenis, Y. Science 2004, 304, (5679), 1917-1919. 
 
 168 
 
(147) Sundaray, B.; Subramanian, V.; Natarajan, T. S.; Xiang, R. Z.; Chang, C. C.; 
Fann, W. S. Appl. Phys. Lett. 2004, 84, (7), 1222-1224. 
 
(148) Katta, P.; Alessandro, M.; Ramsier, R. D.; Chase, G. G. Nano Lett. 2004, 4, (11), 
2215-2218. 
 
(149) Zong, X. H.; Kim, K.; Fang, D.; Ran, S.; Hsiao, B. S.; Chu, B. Polymer 2002, 43, 
4403. 
 
(150) Yu, S.-J.; Kang, M.-W.; Chang, H.-C.; Chen, K.-M.; Yu, Y.-C. J. Am. Chem. Soc. 
2005, 127, (50), 17604-17605. 
 
(151) Whitesides, G. M.; Mathias, J. P.; Seto, C. T. Science 1991, 254, (5036), 1312-
1319. 
 
(152) Jiang, P.; McFarland, M. J. J. Am. Chem. Soc. 2004, 126, (42), 13778-13786. 
 
(153) Loscertales, I. G.; Barrero, A.; Guerrero, I.; Cortijo, R.; Marquez, M.; Ganan-
Calvo, A. M. Science 2002, 295, 1695. 
 
(154) Racicot, R.; Brown, R.; Yang, S. C. Synth. Met. 1997, 85, (1-3), 1263-1264. 
 
(155) Rout, T. K.; Jha, G.; Singh, A. K.; Bandyopadhyay, N.; Mohanty, O. N. Surface 
and Coatings Technology 2003, 167, (1), 16-24. 
 
(156) Tan, C. K.; Blackwood, D. J. Corrosion Science 2003, 45, (3), 545-557. 
 
(157) Krupicka, A.; Johansson, M.; Hult, A. Progress in Organic Coatings 2003, 46, 
(1), 32-48. 
 
(158) Shiue, S.-T. J. Appl. Phys. 1999, 85, (6), 3044-3050. 
 
(159) Thomas, P. Surface Coatings International Part B: Coatings Transactions 1998, 
81, (12), 604-609. 
 
(160) Kymakis, E.; Alexandrou, I.; Amaratunga, G. A. J. J. Appl. Phys. 2003, 93, (3), 
1764-1768. 
 
(161) Li, G.; Shrotriya, V.; Huang, J.; Yao, Y.; Moriarty, T.; Emery, K.; Yang, Y. Nat 
Mater 2005, 4, (11), 864-868. 
 
(162) Shim, B. S.; Podsiadlo, P.; Lilly, D. G.; Agarwal, A.; Lee, J.; Tang, Z.; Ho, S.; 
Ingle, P.; Paterson, D.; Lu, W.; Kotov, N. A. Nano Lett. 2007, 7, (11), 3266-3273. 
 
 169 
 
(163) Ginzburg, M.; Galloro, J.; Jakle, F.; Power-Billard, K. N.; Yang, S.; Sokolov, I.; 
Lam, C. N. C.; Neumann, A. W.; Manners, I.; Ozin, G. A. Langmuir 2000, 16, 
(24), 9609-9614. 
 
(164) Hammond, P. T. Curr. Opin. Colloid Interface Sci. 1999, 4, (6), 430-442. 
 
(165) Chou, S. Y.; Zhuang, L. In Papers from the 43rd international conference on 
electron, ion, and photon beam technology and nanofabrication, Marco Island, 
Florida (USA), 1999; AVS: Marco Island, Florida (USA), 1999; pp 3197-3202. 
 
(166) Durstock, M. F.; Taylor, B.; Spry, R. J.; Chiang, L.; Reulbach, S.; Heitfeld, K.; 
Baur, J. W. Synth. Met. 2001, 116, (1-3), 373-377. 
 
(167) Whitesides, G. M.; Grzybowski, B. Science 2002, 295, (5564), 2418-2421. 
 
(168) Ikkala, O.; ten Brinke, G. Science 2002, 295, (5564), 2407-2409. 
 
(169) Hall, D. B.; Underhill, P.; Torkelson, J. M. Polym. Eng. Sci. 1998, 38, (12), 2039-
2045. 
 
(170) Denis, F. A.; Hanarp, P.; Sutherland, D. S.; Dufrene, Y. F. Nano Lett. 2002, 2, 
(12), 1419-1425. 
 
(171) Meyerhofer, D. J. Appl. Phys. 1978, 49, (7), 3993-3997. 
 
(172) Yan, M.; Harnish, B. Adv. Mater. 2003, 15, (3), 244-248. 
 
(173) Sperling, L. H., Introduction to Physical Polymer Science. John Wiley: New york, 
1992. 
 
(174) Christodoulou, K. N.; Lightfoot, E. J.; Powell, R. W. AIChE Journal 1998, 44, 
(7), 1484-1498. 
 
(175) Sato, K. Progress in Organic Coatings 1980, 8, (2), 143-160. 
 
(176) Thouless, M. D. J. Vac. Sci. Technol. B 1991, 9, (4), 2510-2515. 
 
(177) Francis, L. F.; McCormick, A. V.; Vaessen, D. M.; Payne, J. A. J. Mater. Sci. 
2002, 37, (22), 4717-4731. 
 
(178) Hoyer, B.; Sorensen, G.; Jensen, N.; Nielsen, D. B.; Larsen, B. Anal. Chem. 1996, 
68, (21), 3840-3844. 
 
(179) Pham, G. T.; Park, Y.-B.; Liang, Z.; Zhang, C.; Wang, B. Comp. Part B 2008, 39, 
(1), 209-216. 
 170 
 
 
(180) Hernandez, Y. R.; Gryson, A.; Blighe, F. M.; Cadek, M.; Nicolosi, V.; Blau, W. 
J.; Gun'ko, Y. K.; Coleman, J. N. Scripta Materialia 2008, 58, (1), 69-72. 
 
(181) Moon, J. S.; Park, J. H.; Lee, T. Y.; Kim, Y. W.; Yoo, J. B.; Park, C. Y.; Kim, J. 
M.; Jin, K. W. Diam. Relat. Mater. 2005, 14, (11-12), 1882-1887. 
 
(182) Zhang, Q.; Rastogi, S.; Chen, D.; Lippits, D.; Lemstra, P. J. Carbon 2006, 44, (4), 
778-785. 
 
(183) Hu, L.; Gruner, G.; Gong, J.; Kim, C.-J. C. J.; Hornbostel, B. Appl. Phys. Lett. 
2007, 90, (9), 093124-3. 
 
(184) Li, Z.; Kandel, H. R.; Dervishi, E.; Saini, V.; Biris, A. S.; Biris, A. R.; Lupu, D. 
Appl. Phys. Lett. 2007, 91, (5), 053115-3. 
 
(185) Zhang, D. H.; Ryu, K.; Liu, X. L.; Polikarpov, E.; Ly, J.; Tompson, M. E.; Zhou, 
C. W. Nano Lett. 2006, 6, (9), 1880-1886. 
 
(186) Zhou, Y.; Hu, L.; Gruner, G. Appl. Phys. Lett. 2006, 88, (12), 123109-3. 
 
(187) Zhang, M.; Yan, Y.; Gong, K.; Mao, L.; Guo, Z.; Chen, Y. Langmuir 2004, 20, 
(20), 8781-8785. 
 
(188) Olek, M.; Ostrander, J.; Jurga, S.; Mohwald, H.; Kotov, N.; Kempa, K.; Giersig, 
M. Nano Lett. 2004, 4, (10), 1889-1895. 
 
(189) Meitl, M. A.; Zhou, Y.; Gaur, A.; Jeon, S.; Usrey, M. L.; Strano, M. S.; Rogers, J. 
A. Nano Lett. 2004, 4, (9), 1643-1647. 
 
(190) Jiang, H.; Zhu, L.; Moon, K.-s.; Wong, C. P. Nanotechnology 2007, (12), 125203. 
 
(191) Lima, M. D.; Andrade, M. J. d.; Bergmann, C. P.; Roth, S. J. Mater. Chem. 2008, 
18, (7), 776-779. 
 
(192) Valentini, L.; Bon, S. B.; Kenny, J. M. Carbon 2007, 45, (13), 2685-2691. 
 
(193) Li, Z.; Kandel, H. R.; Dervishi, E.; Saini, V.; Xu, Y.; Biris, A. R.; Lupu, D.; 
Salamo, G. J.; Biris, A. S. Langmuir 2008, 24, (6), 2655-2662. 
 
(194) Bliznyuk, V.; Singamaneni, S.; Kattumenu, R.; Atashbar, M. Appl. Phys. Lett. 
2006, 88, (16), 164101-3. 
 
(195) Flahaut, E.; Peigney, A.; Bacsa, W. S.; Bacsa, R. R.; Laurent, C. J. Mat. Chem. 
2004, 14, (4), 646-653. 
 171 
 
 
(196) Osswald, S.; Havel, M.; Gogotsi, Y. J. Raman Spectrosc. 2007, 38, (6), 728 - 736. 
 
(197) Osswald, S.; Gurga, A.; Kellogg, F.; Cho, K.; Yushin, G.; Gogotsi, Y. Diamond 
Relat. Mater. 2007, 16, (11), 1967-1973. 
 
(198) Pey, J.-L. Anti-Corrosion Methods and Materials 1997, 44, (2), 94-99. 
 
(199) http://www.cem.msu.edu/~reusch/VirtualText/Spectrpy/UV-Vis/uvspec.htm (Sep. 
16, 2008),  
 
(200) http://fabweb.ece.uiuc.edu/gt/equations/fpp.aspx (Oct. 20, 2008),  
 
(201) Dresselhaus, M. S.; Pimenta, M. A.; Eklund, P. C.; Dresselhaus, M. S., Raman 
Scattering in Fullerenes and related carbon-based materials. In Raman Scattering 
in Materials Science, Weber, W. H.; Merlin, R., Eds. Springer-Verlag: New York, 
2000; Vol. 42, pp 314-364. 
 
(202) Kastner, J.; Pichler, T.; Kuzmany, H.; Curran, S.; Blau, W.; Weldon, D. N.; 
Delamesiere, M.; Draper, S.; Zandbergen, H. Resonance Raman and infrared 
spectroscopy of carbon nanotubes 1994, 221, (1-2), 53-58. 
 
(203) Wang, Y. F.; Alsmeyer, D. C.; McCreery, R. L. Raman spectroscopy of carbon 
materials: structural basis of observed spectra 1990, 2, 557-563. 
 
(204) Brown, S. D. M.; Jorio, A.; Dresselhaus, M. S.; Dresselhaus, G. Observations of 
the D-band feature in the Raman spectra of carbon nanotubes 2001, 64, (7), 
073403/1-4. 
 
(205) Saito, R.; Gruneis, A.; Samaonidze, G. G.; Barr, V. W.; Dresselhaus, G.; 
Dresselhaus, M. S.; Jorio, A.; Cancado, L. G.; Fantini, C.; Pimenta, M. A.; Souza 
Filho, A. G. Double Resonance Raman Spectroscopy of Single-walled Carbon 
Nanotubes 2003, 5, 157.1-157.15. 
 
(206) Pimenta, M. A.; Jorio, A.; Brown, S. D. M.; Souza Filho, A. G.; Dresselhaus, G.; 
Hafner, J. H.; Lieber, C. M.; Saito, R.; Dresselhaus, M. S. Diameter dependence 
of the Raman D-band in an isolated single-wall carbon nanotube 2001, 64, (4), 
041401/1-4. 
 
(207) Brown, S. D. M.; Jorio, A.; Corio, P.; Dresselhaus, M. S.; Dresselhaus, G.; Saito, 
R.; Kneipp, K. Phys. Rev. B 2001, 6315, (15). 
 
(208) Jorio, A.; Saito, R.; Dresselhaus, G.; Dresselhaus, M. S. Determination of 
nanotubes properties by Raman spectroscopy 2004, 362, (1824), 2311-2336. 
 
 172 
 
(209) Gogotsi, Y.; Libera, J. A.; Kalashnikov, N.; Yoshimura, M. Graphite polyhedral 
crystals 2000, 290, (5490), 317-320. 
 
(210) Yudasaka, M.; Ichihashi, T.; Kasuya, D.; Kataura, H.; Iijima, S. Structure 
changes of single-walled carbon nanotubes and single-walled carbon nanohorns 
caused by heat treatment 2003, 41, 1273-1280. 
 
(211) Speck, J. S.; Endo, M.; Dresselhaus, M. S. Structure and intercalation of thin 
benzene derived carbon fibers 1989, 94, (4), 834-848. 
 
(212) Rotkin, S.; Gogotsi, Y. Analysis of non-planar graphitic structures: from arched 
edge planes of graphite crystals to nanotubes 2002, 5, 191-200. 
 
(213) Banhart, F. Irradiation effects in carbon nanostructures 1999, 62, (8), 1181-1221. 
 
(214) Rakov, E. G., Chemistry of carbon nanotubes. In Nanomaterials Handbook, 
Gogotsi, Y., Ed. CRC Press: 2006; pp 105-176. 
 
(215) Osswald, S.; Flahaut, E.; Gogotsi, Y. In situ raman spectroscopy study of 
oxidation of double- and single-wall carbon nanotubes 2006, 18, (6), 1525-1533. 
 
(216) Osswald, S.; Flahaut, E.; Ye, H.; Gogotsi, Y. Elimination of D-band in Raman 
spectra of double-wall carbon nanotubes by oxidation 2005, 402, 422-427. 
 
(217) Osswald, S.; Flahaut, E.; Gogotsi, Y. In Situ Raman Spectroscopy Study of 
Oxidation of Double- and Single-Wall Carbon Nanotubes 2006, In Press, 
Published Online. 
 
(218) Naguib, N.; Ye, H.; Gogotsi, Y.; Yazicioglu, A. G.; Megaridis, C. M.; Yoshimura, 
M. Observation of water confined in nanometer channels of closed carbon 
nanotubes 2004, 4, (11), 2237-2243. 
 
(219) Ye, H.; Naguib, N.; Gogotsi, Y. TEM Study of Water in Carbon Nanotubes 2004, 
39, (2), 1-7. 
 
(220) Koombhongse, S.; Liu, W.; Reneker, D. H. J Polym Sci Part B 2001, 39, 2598 - 
2606. 
 
(221) Supaphol, P.; Mit-Uppatham, C.; Nithitanakul, M. J Polym Sci Part B 2005, 43, 
(24), 3699-3712. 
 
(222) Koombhongse, S.; Liu, W. X.; Reneker, D. H. J. Polym. Sci. B 2001, 39, (21), 
2598-2606. 
 
 173 
 
(223) Ding, B.; Li, C.; Miyauchi, Y.; Kuwaki, O.; Shiratori, S. Nanotechnology 2006, 
17, (15), 3685-3691. 
 
(224) Ko, F.; Lam, H.; Titchenal, N.; Ye, H.; Gogotsi, Y., Coelectrospinning of Carbon 
Nanotube Reinforced Fibrils. In Polymeric Nanofibers, Reneker, D. H.; Fong, H., 
Eds. ACS Symposium Series: Washington, D.C., 2006; Vol. 918, pp 231-245. 
 
(225) Ko, F., Nanofiber Technology. In Nanotubes and Nanofibers, Gogotsi, Y., Ed. 
CRC Press, Taylor and Francis: Boca Raton, 2006; pp 233-244. 
 
(226) Stephens, J. S.; Chase, D. B.; Rabolt, J. F. Macromolecules 2004, 37, (3), 877-
881. 
 
(227) Kim, B.; Sigmund, W. M. Density control of self-aligned shortened single-wall 
carbon nanotubes on polyelectrolyte-coated substrates 2005, 266, (1-3), 91-96. 
 
(228) Osswald, S.; Havel, M.; Gogotsi, Y. Monitoring oxidation of multiwalled carbon 
nanotubes by Raman spectroscopy 2007, 38, (6), 728 - 736. 
 
(229) Behler, K.; Havel, M.; Gogotsi, Y. Polymer 2007, 48, (22), 6617-6621. 
 
(230) Schindler, A.; Brill, J.; Fruehauf, N.; Novak, J. P.; Yaniv, Z. Physica E 2007, 37, 
(1-2), 119-123. 
 
(231) Yi, Y. B.; Sastry, A. M. Phys. Rev. E 2002, 66, (6), 066130. 
 
(232) Louwet, F.; Groenendaal, L.; Dhaen, J.; Manca, J.; Van Luppen, J.; Verdonck, E.; 
Leenders, L. Synth. Met. 2003, 135-136, 115-117. 
 
(233) Saran, N.; Parikh, K.; Suh, D. S.; Munoz, E.; Kolla, H.; Manohar, S. K. J. Am. 
Chem. Soc. 2004, 126, (14), 4462-4463. 
 
(234) Smith, J. G.; Connell, J. W.; Delozier, D. M.; Lillehei, P. T.; Watson, K. A.; Lin, 
Y.; Zhou, B.; Sun, Y. P. Polymer 2004, 45, (3), 825-836. 
 
(235) Khil, M.-S.; Cha, D.-I.; Kim, H.-Y.; Kim, I.-S.; Bhattarai, N. J. Biomed. Mater. 
Res., Part B 2003, 67, (2), 675-679. 
 
(236) Kim, G. H.; Yoon, H. Appl. Phys. A: Mater. Sci. Process. 2008, 90, (3), 389-394. 
 
(237) Li, M.; Guo, Y.; Wei, Y.; MacDiarmid, A. G.; Lelkes, P. I. Biomaterials 2006, 27, 
(13), 2705-2715. 
 
(238) Rho, K. S.; Jeong, L.; Lee, G.; Seo, B.-M.; Park, Y. J.; Hong, S.-D.; Roh, S.; Cho, 
J. J.; Park, W. H.; Min, B.-M. Biomaterials 2006, 27, (8), 1452-1461. 
 174 
 
 
(239) Liu, K.-K.; Chen, M.-F.; Chen, P.-Y.; Lee, T. J. F.; Cheng, C.-L.; Chang, C.-C.; 
Ho, Y.-P.; Chao, J. I. Nanotechnology 2008, (20), 205102. 
 
(240) Choi, J. S.; Leong, K. W.; Yoo, H. S. Biomaterials 2008, 29, (5), 587-596. 
 
(241) Huang, H.; Pierstorff, E.; Osawa, E.; Ho, D. Nano Lett. 2007, 7, (11), 3305-3314. 
 
(242) Huang, H.; Pierstorff, E.; Osawa, E.; Ho, D. ACS Nano 2008, 2, (2), 203-212. 
 
(243) Krueger, A.; Stegk, J.; Liang, Y.; Lu, L.; Jarre, G. Langmuir 2008, 24, (8), 4200-
4204. 
 
(244) Chang, Y.-R.; Lee, H.-Y.; Chen, K.; Chang, C.-C.; Tsai, D.-S.; Fu, C.-C.; Lim, 
T.-S.; Tzeng, Y.-K.; Fang, C.-Y.; Han, C.-C.; Chang, H.-C.; Fann, W. Nat Nano 
2008, 3, (5), 284-288. 
 
(245) Fong, H.; Chun, I.; Reneker, D. H. Polymer 1999, 40, (16), 4585-4592. 
 
 
 
  
 175 
 
APPENDIX A: LIST OF SYMBOLS AND ABBREVIATIONS 
ac-MWCNT acid-oxidized Multi-walled Carbon Nanotubes 
an-MWCNT Annealed Multi-walled Carbon Nanotubes 
air-MWCNT Air-oxidized Multi-walled Carbon Nanotubes 
ar-MWCNT As-received Multi-walled Carbon Nanotubes 
CNT Carbon Nanotube 
CCVD Catalytic Chemical Vapor Deposition 
DCM Dichloromethane 
DMF Dimethyl formamide 
DWCNT Double-walled Carbon Nanotubes 
DWCNT_PEG Polyethylene glycol functionalized double-walled carbon nanotubes 
FA Formic acid 
HCl-ND Hydrochloric acid treated nanodiamond 
IR Infra Red 
LBL Layer-by-layer  
MWCNT Multi-walled Carbon Nanotubes 
ND Nanodiamond 
PA 11 Polyamide 11 
PA 12 Polyamide 12 
PAN Polyacrylonitrile 
PDDAC Polydiallydimethylammonium chloride 
PEG Polyethylene glycol 
PEG2000 Polyethylene glycol used to functionalize DWCNT  
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PVdF Polyvinylidene fluoride 
PVP Polyvinylpyrrolidone 
SA Self-assembly 
SEM Scanning Electron Microscope 
SWCNT Single-walled Carbon Nanotubes 
TEM Transmission Electron Microscope 
TMAC Tetramethyl ammonium chloride 
UV Ultra Violet 
UV/Vis Ultra violet / Visible light Spectroscopy 
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